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DECLARATION UNDER 37 CFR 1.132 OF TED B. USDIN, M.D., Ph.D. 
I, Ted. B. Usdin, M.D., Ph.D., do hereby declare: 

1. I am a named inventor of the above-identified application. A true and correct 
copy of my Curriculum Vitae is attached as Exhibit 1 . 



2. I understand that the Patent Office takes the position that it would have been 
obvious to one of ordinary skill in the art at the time of the invention to make an isolated or 
purified peptide that is a PTH2 receptor ligand, as taught by Usdin et al., 1997, Endocrinology 
138: 831, and to modify that teaching by using the PTH2 receptor, as taught by Usdin et al., 
1995, J. Biol. Chem. 270: 15455, for the affinity purification of its ligand, as taught by Park in 
USP 5,194,375 and Angal S & Dean PDG, "Purification by exploitation of activity" Chapter 5, 
In, Protein Purification Methods: A Practical Approach, Harris ELV & Angal S (Eds.), 
September 1989, ERL Press, Oxford, UK, page(s) 245. This is incorrect. It would have been 
impractical, if not impossible, to use affinity purification because of the chemical nature of the 
PTH2 receptor. The PTH2 receptor is a glycosylated membrane embedded protein. It is a 
member of a large class of proteins referred to in the scientific literature as seven transmembrane 
domain receptors, because it contains seven distinct hydrophobic domains that span the plasma 
membrane of cells in which it is expressed, the transmembrane domains are separated from each 
other by hydrophilic domains that extend alternately into either the cytoplasm or extracellular 
space. The protein must be embedded in an appropriate lipid membrane in the correct 
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conformation to bind its ligand. Members of this class of protein are also referred to as G-protein 
coupled receptors because they interact with members of a family of heterotrimeric GTP-binding 
proteins. In order to have high affinity for an agonist ligand, coupling to an appropriate 
combination of members of the heterotrimeric GTP-binding protein family is required. To the 
best of my knowledge no one has successfully developed an affinity matrix from a seven 
transmembrane domain receptor. This is an approach that I considered during work on the 
purification of TIP39 and rejected for several reasons. Methods for extracting this type of 
receptor from membranes in which they are normally expressed, and binding them to a matrix 
that could be used in affinity purification, in a manner that retains sufficient affinity for an 
agonist ligand, have not been established as a general practical approach, or in fact demonstrated 
for any member of this family. The receptor in the cited reference to Park, USP 5,194,375, is in 
an entirely different class and has a different membrane topology. A second approach to using 
the PTH2 receptor as an affinity support that could be considered would be to express it at high 
levels in a cell by means of transfection of the cells with a cDNA encoding the receptor, and then 
to use these cells, or membranes from these cells, as an affinity matrix without extracting the 
receptor. Again, this approach has not been established for this class of receptor. I considered 
attempting to develop the methodology during work on the ligands purification and rejected it as 
being impractical. A very high level of expression would be required to create a sufficient 
density of receptor. My prior experience with very high level receptor expression for other 
projects, and the published literature, show that once a very high expression density is achieved 
with this class of receptor, which itself can be a significant challenge, the receptor will be present 
in excess over the corresponding GTP-binding proteins, and thus the majority of the receptor 
molecules will have low affinity for the agonist. In addition, methods for using such cells, or 
plasma membranes prepared from such cells, as an affinity matrix have not been established. 
There are a number of handling procedures that would need to be developed, and which would 
likely make the process impractical. 
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3. Our process for purification was empirical and thus nonobvious because we knew 
very little about the composition of the ligand before we completed the purification. The essence 
of the chromatographic purification that we performed is to perform a series of chromatographic 
steps in which the activity of interest elutes in a different fraction from other components of the 
extract, and to combine a sufficient number of such steps that the material of interest elutes in a 
different fraction than essentially all other components of the extract, so that it becomes a 
sufficiently pure species that its sequence can be determined by chemical methods. Without 
knowing the composition of the material the design of chromatographic methods becomes 
empirical. It takes someone with expert skill to develop a sufficient number of chromatographic 
steps that distinguish between the activity of interest and all of the other components of the 
original extract, in a practical amount of time and with a finite amount of starting material. In 
other words, step number one may separate the activity from contaminants A through J, but leave 
it mixed with K through Z. A chromatographic step that uses a somewhat different principle 
must be then developed that separates the activity from K through P, and then another different 
procedure, etc. Each step incurs significant losses of material, and special handling procedures to 
minimize the loss and retain the activity needed to be developed. In addition each of the 
chromatographic procedures must yield material that can be evaluated by the bioassay being 
used. The bioassay used functional activation of the PTH2 receptor and measurement of a 
second messenger (cyclic adenosine monophosphate) that accumulated in the cells in response to 
activation of the PTH2 receptor in living cells. Material from many standard purification 
procedures either poisons cells or causes non-specific stimulation of cAMP accumulation. The 
selection of methods to avoid both of these, and to create a series of chromatographic steps with 
differing selectivity, are non-obvious. 

4. While it turned out that we purified an activity from bovine hypothalamus that had 
the properties suggested by our original pre-patent application publication, Usdin et al., 1997, 
Endocrinology 138: 831, there are ways that the activity detected in the crude extract could have 
turned out not to be a unique ligand. For instance, there could have been an inhibitor in the 
hypothalamic extract that inhibited activation of the PTH1 receptor more than it inhibited the 
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PTH2 receptor, which in combination with parathyroid hormone instead of a unique ligand 
created the published results. There were prior publications that claim the presence of 
parathyroid hormone in the hypothalamus, e.g., Nutley et aL, 1995, Endocrinology 136: 5600 
(attached as Exhibit 2), Fraser et aL, 1990, Endocrinology 127: 2517 (attached as Exhibit 3); and 
Balabanova et aL, 1986, Klin Wochenschr 64: 173 (attached as Exhibit 4). 

5. An additional argument that one with "ordinary skill" could not have purified the 
activity simply based on the information in the original paper in Endocrinology is based on the 
failed attempt of others. Following that publication a group of investigators at Harvard 
University, in the Massachusetts General Hospital Endocrinology Unit, attempted to follow up 
and complete the purification (in competition with me) and failed to do so. This group has 
considerable expertise, and includes the world experts on parathyroid hormone and parathyroid 
hormone receptors. The documentation of this failed attempt is an abstract for a meeting that the 
investigators published in which they reproduced my published work, Nineteenth Annual 
Meeting of the American Society for Bone and Mineral Research, Cincinnati, Ohio, September 
10-14, 1997, Abstract # S368 (attached as Exhibit 5). In combination with their lack of further 
publication on the topic until after my publication of the sequence this presents an argument to 
those with an understanding of the field that they failed in an attempt to purify the material. 

6. Another argument based on professional recognition comes from a report that was 
written when I was evaluated for scientific tenure at NIH. The purification of the peptide was 
one of the major factors in the decision to grant tenure. Attached as Exhibit 6 is a document that 
is the first page (which includes the executive summary and parts of the comments of one of the 
reviewers) of the report of the Board of Scientific Councilors that evaluated my work and made 
the tenure recommendation. They point out the significance of the accomplishment, how it could 
easily have failed, and how I was scientifically creative in accomplishing it. 

7. I understand that the Patent Office holds that there is no evidence of record that 
PTH2 receptor ligands are especially variant. This is incorrect. Usdin, T.B., 2000, TIPS 21 : 128, 
which I understand is of record, and which I wrote around the 15 June 1999 filing date of the 
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present application, aligns PTH, which is a PTH2 receptor ligand, from several species, with 
PTHrP, which is a PTH1 receptor ligand, from several species, and TIP39, which is a PTH2 
receptor ligand, from bovine species. Figure 1 in Usdin, T.B., 2000, TIPS 21: 128 shows that, 
while nine of the 39 residues of TIP39 are identical to bovine PTH,. turning to PTH itself, of the 
first 34 residues (which possess full activity), 20 have been demonstrated to be variant: 



Bovine TIP39 
Bovine PTH 
Pig PTH 
Dog PTH 
Human PTH 
Rat PTH 
Chicken PTH 
Fugu PTHrP 
Chicken PTHrP 
Human PTHrP 
Dog PTHrP 
Mouse PTHrP 
Rat PTHrP 



SLALADDAAFRE'HARLIAAiER'SHWLNSYM- - -HKLLVLD5P 
AVSB I Q PMHNLGKHLS SME KiVB WL RKKLQD VHNFVAIibAls . 
SVSE I Q LMHNLGKHLSS LB RVEWLRKKLQDVHNFVALGAS . 
SVSB I Q PMHNLGKHLS SME RiVEKLRKKLQD VHNFVALGAi P . 
SVSEIQLMHNLGKHLNSMBI^^l!rKKLQI) VHNFVAL&iip . 
AVSE I Q LMH1TLGKHIAS WRMQWI^KKLOTVHNFVSL^Q . 
S VSEMQ LMHNLG EHRHTVE R^QD^ (^IKLQD VHS ALBDART . 



SVSHAQ 

avsehqllhd: 

AVSEHQLLl 

avsehqll] 
avsehqllhd; 
avsehq 

1 5 10 




H-LLAEVHT-AEY 
PLQULIEGVOT-AEIRM' 
FLHHLIAEIHT-AEIRAT 
F|LHHLI AE IHT - AB I RAT 
FLHHLIAEIHT-AEIRAT 
F^tHHLI AE IHT - ABI F&T 
25 30 36 40 
2ren95 in Phofmacofogtcaf Sciences 



Thus there is considerable variation in one PTH2 receptor ligand. Based on the similarity 
between the PTH2 receptor and the PTH1 receptor (both activated by PTH, overall 
approximately 50% sequence similarity, regions of very high sequence similarity) and the 
similarity between TIP39 and PTH it can be considered that TIP39 is a member of a peptide 
family with PTH and PTHrP. PTH and PTHrP have indistinguishable binding to and activation 
of the PTH1 receptor. There is even further variation than that for PTH when all of the species 
of PTH and PTHrP that were known to activate that PTH1 receptor are considered. Thus 
because of the relationship of TIP39 to PTH and to PTHrP one could reasonably anticipate 
natural variation in TIP39 from different species, and further that artificially induced variation in 
many residues within the sequence would be tolerated with little effect on binding to the PTH2 
receptor. Our discovery of TIP39 in combination with the comparison with the sequences of 
PTH and PTHrP demonstrates that considerable variation in the sequence of PTH2 receptor 
ligands, and, additionally, PTH1 receptor ligands, is tolerated, that certain residues are likely to 
be critical, and that the three dimensional conformation induced by others, but not their particular 
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side chains are important. It should be possible to tease these possibilities apart by studying 
appropriate peptide modifications and their effect on PTH2 and PTH1 receptor binding activity. 



8. Additionally, the post-filing date scientific literature of Hansen et al., 2002, J. 
Endocrinol. 174: 95 (attached as Exhibit 7) identified and characterized the human and mouse 
genes encoding TIP39 and Papasani et al., 2004, Endocrinology 145: 5294 (attached as Exhibit 8) 
identified and characterized the zebrafish and pufferfish genes encoding TIP39. Figure 4 of 
Papasani 2004 aligns TIP39 amino acid sequences from zebrafish, pufferfish, human, and mouse: 



f TIP39 
2 TIP39 
h TIP39 
m TIP39 



f TIP39 
z TIP39 
h TIP39 
m TIP39 



Msf skssddata aK 
Ma LSLPPRPALLFLVLMSVTLWasa f pqpqlrplqanLPAIGqedsK 
METRQVSKS PRVRLLL1.LL LL L WPWGvr tASGVA LPPVGV 
METCQMSRSPRBRLLLLLLLLLLVPWGtgpASGVA LPLAGV 
* * ** *t+t is ** * 

qdnWDVFFPSLPLHNWiaQTM^PTLEAAASNXRGLVQQG^ FGPQRME 
geqWBWYPSISLRDWSIQMLTAPDPGAAKTGRBQLVADDWLpLSQSQME 

LSLR PPG 

FSLR APG 



i TIP39 TSLIXSVLPQBWASQSGgmvKR B^^ 

z TIP39 EELVKGWTGDWPS RVGhqqKRNI WADDAAFREKS KLLTAME RQKWLNSY 
h TIP39 WWADPATPrpRRSJuALADDA^^ 

m TIP39 RAWAGLGS Pi 3RR SLALADDAAPRKRARLltAALERRRWLDSY 



. *#*#*#** - . 



f TIP39 
2 TIP39 
h TIP39 
m TIP39 



romnnmsa 123 

MQICLLWNSk 157 
MHKLLVLDAP 100 
MQKLLLIiDAP 100 



When comparing man and mouse, the first 23 aa of the TIP39 sequence, thought to contain the 
PTH2 receptor activation site, are identical, while the 16 aa C-terminal portion showed a higher 
degree of diversity (75% aa identity). By comparison, alignment of TIP39 aa sequences from 
zebrafish, pufferfish, human, and mouse revealed that, of the first 23 amino acids, 1 1 amino acids 
were identical, while of the last 16 amino acids, 8 were identical, resulting overall in about 50% 
aa identity. Thus, the post-filing date art confirms that TIP39 tolerates considerable amino acid 
sequence variation. 
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I declare that all statements made herein of my own knowledge are true and that all 
statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful, false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful, false statements may jeopardize the validity of the application or 
patent issuing therefrom. 



Respectfully submitted, 





Ted. Usdin, M.D., Ph.D. 



1848675 
080405 



EXHIBIT 1 



ed B. Usdin, M.D., Ph.D. 



Curriculum Vitae 



Address 

Laboratory of Genetics, National Institute of Mental Health 
35 Convent Dr., Bethesda, Maryland 20892-4094 
telephone: 301-402-6976, fax: 301-402-0245 
e-mail: usdint@maiLnih.gov 

Current Position 

Senior Investigator, Laboratory of Genetics 

National Institute of Mental Health, National Institutes of Health 

Education and Professional Experience 

1974-1978 B.A., Biophysics 

Johns Hopkins University Baltimore, MD. 



1978-1979 Research Assistant 

Johns Hopkins Univ., Baltimore, MD 
Supervisor: Dr. Solomon Snyder 



1 979- 1 986 Medical Scientist Training Program 

Washington University , St. Louis, Mo. 
M.D., Ph.D 

Doctoral Thesis: Identification of a protein which stimulates acetylcholine 
receptor incorporation in chick myotubes grown in culture: a possible 
synaptogenic factor 
Advisor: Dr. Gerald Fischbach 



1 986- 1 990 Residency in Psychiatry, Stanford University, Stanford, CA. 

Residency Director: Dr. Roy King 

1990-1993 National Research Council Fellow, Laboratory of Cell Biology, National 

Institute of Mental Health, Bethesda, MD 
Supervisor: Dr. Michael Brownstein 

1 993- 1 997 Senior Staff Fellow, Laboratory of Cell Biology, National Institute of Mental 

Health, Bethesda MD 
Supervisor: Dr. Michael Brownstein 



1997 to 2002 Investigator, Laboratory of Genetics, National Institute of Mental Health 
Bethesda MD 



2002 to present Senior Investigator, Laboratory of Genetics, National Institute of Mental 
Health, Bethesda MD 



Awards 

O'Leary Prize in Neuroscience Research, Washington University, 1985. 
Dana Fellowship, Stanford University, 1988-1990. 
NARSAD Young Investigator Award, 1992-1994. 

External Invited Presentations 

1 992 NARSAD Annual Meeting 

1993 Georgetown Univ. Dept. Pharmacology 
Oxygen Club of Greater Washington D.C. 

1994 Stanford Univ. Dept. Psychiatry 
Muscular Dystrophy Assoc., Phoenix AZ 

1995 Medical College of Virginia, Dept. Pharmacology 

1996 Div. Bone and Mineral Metabolism Beth Israel Hospital, Boston MA 
Korean Society of Medical Biochemistry and Molecular Biology, Seoul Korea 
R.W. Johnson Pharmaceutical Research Institute, NJ 

1 998 American Society of Nephrology, Philadelphi PA 

1999 Lilly Pharmaceutical Co, Indianapolis IN 

Fourth International Conference on New Actions Of Parathyroid Hormone, Malta 

Merck Research Laboratories, NJ 

Endocrine Unit, Massachusetts General Hospital 

Dept. Psychiatry, Univ of Calif. San Francisco 

Amgen, Inc. 

2000 American Society for Bone and Mineral Research, Toronto Canada 
Biomeasure, Inc. MA 

2001 Dept. Psychiatry, Univ of Calif. San Francisco 
Adolor, Inc., Malvern, PA. 

2003 Astrazeneca, Inc., Montreal, Canada 

Dept. Anatomy, Semmelweis University, Budapest Hungary 

Dept. Psychiatry, Univ. Bonn, Bonn Germany 
2005 Center for Neuroscience, Louisian State Unversity, New Orleans, LA 

Current Committee Service 

NIMH Animal Care and Use Committee 

NIMH Transgenic Mouse Core Facility Users Committee 

Trans-Institute Neuroscience Lecture Series Speaker Selection Committee 

NINDS Light Imaging Facility Oversight Committee 

NMH Technology Transfer Advisory Committee 

Porter Neuroscience Research Center Animal Facility Users Committee 



Publications: 

1 . Svennsson, T. H. and T. B. Usdin (1978). Feedback inhibition of brain noradrenaline 
neurons by tricyclic antidepressants— alpha receptor mediation. Science 202, 1089- 
1091. 

2. Creese, L, T. B. Usdin and S. H. Snyder (1979). Guanine nucleotides distinguish 
between 2 dopamine receptors. Nature 278, 577-8. 



3. Usdin, T. B. , I. Creese and S. H. Snyder (1980). Regulation by cations of [ 3 H]- 
spiroperidol binding associated with dopamine receptors of rat brain. Journal of 
Neurochemistry 34, 669-676. 
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5. Fischbach, G. D., R.I. Hulme, R. J. O'Brien, L. W. Role and T.B. Usdin (1987). 
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T.B. Usdin (1990). Subtractive hybridization system using single-stranded 
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7. Usdin, T. B., E. Mezey, C. Chen, M. J. Brownstein and B. J. Hoffman (1991). 
Cloning of the cocaine-sensitive bovine dopamine transporter. Proceedings of the 
National Academy of Sciences 88, 1 1 168-1 1171. 

8. Porteus, M. H., A. E. J. Brice, A. Bulfone, T. B. Usdin, R. D. C. Ciaranello and J. L. 
R. Rubenstein (1992). Isolation and characterization of a library of cDNA clones 
that are preferentially expressed in the embryonic telencephalon. Molecular Brain 
Research 12, 7-22. 

9. Usdin, T. B., M. J. Brownstein, B. Moss, and S. N. Isaacs (1993). A recombinant 
vaccinia virus encoding bacteriophage SP6 RNA polymerase allows rapid, efficient 
expression of cloned genes in tissue culture. Biotechniques. 14 (2), 222-224. 

10. Usdin, T. B., E. Mezey, D. C. Button, M. J. Brownstein, and T. I. Bonner. (1993). 
Gastric Inhibitory Polypeptide Receptor, a member of the secretin-VIP receptor 
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11. Brownstein, M. J. and T. B. Usdin (1993). Molecular Targets of Abused Drugs. In: 
Basic Neurochemistry: Molecular, Cellular and Medical Aspects, 5th Ed. ed. by G. 
J. Siegel et al. 859-866. 

12. Varoqui, H., M-F. Diebler,F-M. Meunier, J. B. Rand, T. B. Usdin, T. I. Bonner, L. E 
Eiden, and J. D. Erickson (1994). Cloning and expression of the vesamicol binding 
protein from the marine ray Torpedo: Homology with the putative vesicular 
acetylcholine transporter UNC-17 from Caenorhabditis elegans. FEBS Lett. 342:97- 
102. 

13. Usdin, T. B. and M. C. Beinfeld (1994). Strategies and methods of cloning of 
endoproteolytic enzymes by expression. Neuroprotocols 5, 144-150. 

14. Rosen, D. R., A. C. Bowling, D. Patterson, T. B. Usdin, P. Sapp, E. Mezey, D. 
McKenna-Yasek, J. O'Regan, Z. Rahmani, R. J. Ferrante, M. J. Brownstein, N. W. 
Kowall, M. F. Beal, H. R. Horvitz, and R. H. Brown, Jr. (1994). A frequent ala 4 to 



val superoxide dismutase-1 mutation is associated with a rapidly progressive familial 
amyotrophic lateral sclerosis. Human Molecular Genetics. 3, 981-987. 

15. Erickson, J. D., H. Varoqui, M. K.-H. Schafer, W. Modi, M.-F. Diebler E. Weihe, J. 
Rand, L. E. Eiden, T. I. Bonner and T. B. Usdin (1994). Functional Identification of 
a Vesicular Acetylcholine Transporter and Its Expression from a 'Cholinergic' Gene 
Locus. Journal of Biological Chemistry. 269, 1929-1934. 

16. Usdin, T. B., T. I. Bonner and E. Mezey (1994). Two receptors for Vasoactive 
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Endocrinology 135, 2662-2680. 
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receptor. Journal of Biological Chemistry 270, 15455-15458. 
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ABSTRACT 

PTH-like peptides and messenger RNA (mRNA) have recently- 
been detected in neural tissues, but it is uncertain whether this 
reflects the transcription of the PTH gene or that of a closely related 
gene. This possibility has, therefore, been investigated. 

PTH-like complementary DNA (cDNA) moieties of predicted size 
were readily generated from reverse transcribed brain (hypothalamic 
and extrahypothalamic tissue) and pituitary RNA, using polymerase 
chain reaction (PCR) with three sets of overlapping oligonucleotide 
primers designed to amplify PTH cDNA fragments of 285, 372, and 
459 base pairs (bp). PCR reamplification of the largest hypothalamic 
moiety with an internal set of primers also generated a cDNA frag- 
ment of the predicted size (372 bp). Restriction endonuclease diges- 
tion with BstNI cleaved the largest hypothalamic cDNA moieties into 
smaller fragments of 217 and 242 bp, identical to the cleavage of 
parathyroidal PTH cDNA. Rapid amplification of cDNA ends of the 
3' -flanking cDNA sequences also produced hypothalamic and extra- 
hypothalamic cDNA moieties identical in size (499 bp) to parathy- 
roidal PTH cDNA. Southern analysis of these PCR and rapid ampli- 
fication of cDNA end cDNA fragments further indicated homology 



with PTH cDNA. This homology was subsequently confirmed by nu- 
cleotide sequencing, which demonstrated complete homology between 
the neural and parathyroidal cDNA fragments. This homology ex- 
tended over 673 bp (spanning nucleotides 31-709 of PTH cDNA), 
encompassing 95% of the entire parathyroidal PTH cDNA. The mRNA 
for this gene, determined by Northern blotting with a riboprobe for 
PTH mRNA, was of identical size to the parathyroidal PTH, but its 
abundance in brain was less than 0.01% of that expressed in the 
parathyroid glands. This transcript was not, however, detected in 
liver. The translation of this moiety in hypothalamic tissues was 
indicated by the presence of a protein in the rat hypothalamus that 
was immunoreactive with PTH-(l-84) antiserum and of comparable 
size to that in parathyroidal tissue. The abundance of this protein in 
hypothalamic tissue was approximately 0.25% of that in the para- 
thyroid glands, suggesting tissue-specific differences in its rate of 
synthesis, processing, or degradation. 

These results, therefore, demonstrate that the brain is an ex- 
traparathyroidal site of PTH gene expression and suggest autocrine 
or paracrine roles for PTH in neural function. {Endocrinology 136: 
5600-5607, 1995) 



PTH-LIKE immunoreactivity is present in extracts of the 
rat hypothalamus (1) and sheep brain (2, 3). The im- 
munoreactivity in these tissues is associated with a heat- 
stable nondialyzable peptide that coelutes with authentic 
PTH-U-84) after HPLC fractionation (1). The blood-brain 
barrier has been considered to be impermeable to PTH in 
systemic circulation (4, 5), and the brain may, therefore, be 
an extraparathyroidal site of PTH production. This possibil- 
ity is supported by the localization of PTH immunoreactivity 
within perikarya in discrete rat hypothalamic nuclei (6), in 
which PTH-like messenger RNA (mRNA) was detected by in 
situ hybridization (7). It is, however, still uncertain whether 
the PTH-like immunoreactivity and PTH-like mRNA in the 
brain reflect the extraparathyroidal transcription of the PTH 
gene or the expression of a closely related gene. 

The PTH-like mRNA in the rat hypothalamus was found, 
by Northern blotting with a PTH riboprobe, to be of com- 
parable size to the RNA moiety in parathyroidal tissue (7). 
Some sequence homology with the parathyroidal transcript 
was also indicated by the generation of a 384-base pair (bp) 
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reverse transcriptase-polymerase chain reaction (RT-PCR) 
complementary DNA (cDNA) moiety of predicted size, iden- 
tical to parathyroidal PTH cDNA (7). This PTH-like tran- 
script was, however, of low abundance, and the cDNA frag- 
ment generated by RT-PCR was only distinguishable after a 
booster PCR reamplification. It is, therefore, possible that this 
cDNA moiety was a PCR artifact, reflecting the illegitimate 
transcription of a constitutively expressed gene (8). It may 
also be possible that the "sticky end" PCR primers chosen for 
this study (7) simply lacked sufficient homology to the PTH 
gene, thus reducing the efficiency of PCR amplification. 
Therefore, the abundance of PTH-like mRNA in the rat brain 
and its sequence homology with parathyroidal PTH mRNA 
were determined in the present study. 

Materials and Methods 

Tissue preparation 

Parathyroid glands, hypothalami, extrahypothalamic brain, pituitary 
glands, and liver tissues were rapidly dissected from 3-week-old (200- 
250 g) maleSprague-Dawley rats, immediately frozen in liquid nitrogen, 
and stored at -80 C before analysis. The hypothalami were excised from 
the rest of the brain through four perpendicular cuts in the shape of a 
diamond, each approximately 2.4 mm lateral and 3.5 mm dorsal of the 
midline (9). 

RNA preparation 

Total cellular RNA was isolated from tissue extracts using RNA NOW 
(Bio /Can Scientific, Mississauga, Ontario, Canada). Briefly, after ho- 
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mogenization in RNA NOW, 0.2 ml chloroform was added to each 
sample and then shaken for 20 sec. After resting on ice for 5 min, the 
samples were centrifuged (10,000 X g for 10 min at 4 C), and the RNA 
precipitates were washed twice with (1 ml) 75% (vol/ vol) ethanol and 
centrifuged (5000 x g for 5 min at 4 C) before resuspension in dieth- 
ylpyrocarbonate^reated water. The purity and amount of RNA ex- 
tracted were assessed spectrophotometrically at 260 run after electro- 
phoresis in ethidium bromide-stained 1% (wt/vol) agarose minigels 
(10). Total RNA was used to prepare polyadenylated [poly (A) 4 1 mRNA 
using the polyATtract mRNA isolation system (Promega, Madison, WI). 
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RT-PCR 

The cDNA sequence of the neural PTH transcripts was determined 
by RT-PCR (II). Total (0.2-1.0 >xg) or poly(A)* RNA (1 ^g) from ex- 
tracted tissue was reverse transcribed with Superscript (100 U; BRL, 
Burlington, Canada) in the presence of a 50-pmol 3'-oligomer rat (r) PTH 
antisense primer (MTN; 5'<XrACCGTCTAGAATACCTCAGCATTTA- 
3'), based on the known sequence of rPTH cDNA (12, 13), or a 100-pmol 
oligodeoxythymine primer (Boehringer Mannheim, Montreal, Canada), 
excess deoxynudeotides 110 mM each of deoxy (d)-ATP, dCTP, dGTP, 
and dTTP; Boehringer MarmheimJ, and 5 x RT buffer (BRL, Gaithers- 
burg, MD). The reactions were diluted with double distilled water (50:1, 
vol/ vol), and an aliquot of each (0.5% of total volume) was added to a 
PCR mixture containing one of three overlapping oligonucleotide 
primers (MTN1, 5'-AAGACACXTCTCAGTGAAATACAGCTT-3'; 
MTN3, 5'-ACrCCACrrCATCAGCTGTCnXSGCTrA-3'; MTN2, 5'-AT- 
GATGTCTGCAAGCACCATGGCTAAG-3; Nucleotide Synthesis Lab- 
oratory, University of Alberta> Edmonton, Canada). These primer sets 
were based on the nucleotide sequence of the rPTH gene and were 
designed to generate fragments of 459 bp (MTN3; spanning nucleotides 
36-2082 and cDNA residues 36 -494, from the first, second, and third 
exons), 372 bp (MTN2; spanning nucleotides 1 600-2082 of the PTH gene 
and cDNA residues 123-494, from the second and third exons), and 285 
bp (MTN1; spanning nucleotides 1797-2082 of the gene and cDNA 
residues 210-494, from the third exon; Hg. 1 a). A common 3'-oiigomer 
rPTH antisense primer (MTN) was used in each primer set The PCR 
mixtures contained 15 pmol of each oligonucleotide primer set, excess 
deoxynucleotides (200 funol of each), 1 x PCR buffer 180 mM KC1, 16 mw 
Tris-Cl (pH 8.4), 1.5 mM MgCl 2 , and 0.1% Triton X-100], and Thermus 
oqualicus (Taq) DNA polymerase (5 U; Promega). The mixtures were 
overlaid with mineral oil (2 drops) and denatured at 94 C for 2 min before 
35 cycles of denaturing (92 C for 1 min), annealing (50 C for 15 min), 
and extension (72 C for 2 min), ending with a final extension (72 C for 
10 min) in a generic thermal cycler (MJ Research, Watertown, MA). 
Reaction products were analyzed by electrophoresis in ethidium bro- 
mide-stained 1.5% (wt/vol) agarose gels and compared with DNA mol 
wt markers fX174 RF DNA/Hmfl (Promega). 



Nested PCR 

The large PCR fragment, generated by the MTN3 primer set, was 
excised from the agarose gel and purified using a cDNA gel purification 
kit (Gene Clean 11, Bio/Can Scientific, Mississauga, Ontario, Canada), 
according to the manufacturer's instructions. cDNA aliquots were then 
overlaid with equal volumes of mineral oil and reamplified by heating 
to 94 C for 2 min before 30 cycles of annealing (50 C for 1 min), extension 
(72 C for 30 sec), and denaturation (94 C for 30 sec), followed by a final 
extension (72 C for 10 min) with the internal (MTN2) oligonucleotide 
primer set. 



Restriction endonuclease digestion 

Sequence homology with the PCR -generated cDNA moieties 
(MTN3/MTN) was determined by restriction endonuclease digestion 
(1 h at 37 O with BsfNI (5 U/pig DNA; Boehringer Mannheim), which 
would result in PTH cDNA residues of 217 and 242 bp (13), Digestion 
products were identified after electrophoresis in ethidium bromide- 
stained 1 5% (wt/vol) agarose gels. 
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Fio. 1. PCR and 3'-RACE primer map demonstrating the sites of 
primer annealing and endonuclease digestion on the PTH gene. 
Primer sets ware based on the nucleotide sequence of the rPTH gene 
(12). Three overlapping PCR primers (a) generate fragments of 459 bp 
(MTN3; spanning 36-2082 bp; first, second, and third exons), 372 bp 
(MTN2; spanning 1600-2082 bp; second and third exons), and 285 bp 
(MTN1; spanning 1797-2082 bp; third exon only). All primer sets use 
a common 3'~oligomerrPTH antisense primer (MTN). 3'-RACE prim- 
ers (b) generate fragments of 586 bp (MTN2 and Q T ; spanning 1600- 
2082 bp; second and third exons) and 499 bp (MTN1 and spanning 
1803-2082 bp; third exon only). 

3' Rapid amplification ofcDNA ends (3' -RACE) 

3 '-RACE (14) was used to examine the untranslated 3' -region of the 
neural PTH gene. Total RNA (5 jig) was denatured for 10 min at 92 C 
and then reverse transcribed with 200 U Moloney murine leukemia virus 
reverse transcriptase in the presence of 4 jil 5 x RT buffer, 1 .3 /ml dNTPs 
(from 15-mM stocks of each dNTP), 0.25 /il flO U) RNasin, and 0.5 j*l Q T 
primer (S'-GACTCGAGTCGACATCGl-rrr'rrriTiTri 11 T-3'; 100 
ng/jjd). After 2 h at 37 C, the reaction was terminated by dilution to 1 
ml with TE (10 mM Tris-Hd, pH 7.5) and 1 mM EDTA, and the cDNA 
was stored at 4 C until use. 

The cDNA was subsequently amplified by seminested PCR, as a 
single round of PCR resulted in the production of numerous nonspecific 
fragments (data not shown). First, an aliquot of the cDNA (1 /200th of 
the total reaction) was amplified in the presence of oligonucleotide 
primers MTN2 and Qo (5' <J ACTCGAGTCG ACA TCG-3'; 25 pmol of 
each), dNTPs (IS mM of each), 1 X Taq polymerase buffer (Promega), 
and 10% dimethylsulfoxide. Taq polymerase (2S U; Promega) was 
added after an initial 5-min denaturation, as described by Frohman (14). 
The mixture was subsequently overlaid with 30 ja! mineral oil (life 
Brand. Shoppers Drug Mart, Edmonton, Canada) and subjected to initial 
annealing (52 C, 2 min) and extension (72 C, 40 min) steps before 35 
amplification cycles (94 C, 1 min; 52-60 C, 1 min; and 72 C 3 min) and 
a final extension (72 C, 15 min). An aliquot (1 /il) of the amplification 
reaction was diluted in TE (1:20) and amplified under identical condi- 
tions in the presence of Q u and an internal primer, MTN1. 
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3'-RACE products and fX174 RF DNA/Hmfl (Promega) markers 
were then subjected to electrophoresis through 1.5% agarose gels, 
stained with ethidium bromide, and viewed under UV light. 

Southern blot analysis 

Sequence homology between hypothalamic and parathyroidal PTH 
cDNAs was further assessed by Southern blotting, using a complemen- 
tary 32 P-radiolabeled PTH cDNA probe (corresponding to the cDNA 
region flanked by primer set MINI). After electrophoresis in 1.5% 
(wt/vol) agarose, ethidium bromide-stained gels, cDNA moieties were 
transferred by capillarity to nylon membranes, where they were rinsed 
in 6 x SSC (1 x SSC = 0.15 mol NaCl/liter and 0.015 mol sodium 
citrate/ liter, pH 7.2) and baked at 80 C for 2 h. The membranes were 
prehybridized for 2 h at 42 C in 30% (vol/ vol) formamide containing 6 
X SSC, 5 X Denhardt's solution [0.1% (wt/vol) Ficoll, 0.1% (wt/vol) 
BSA, 0.2% (wt/vol) sodium dodecyl sulfate (SDS), and 0.1% (wt/vol) 
polyvinylpyrrolidone], 10% (wt/vol) dextran sulfate, and salmon sperm 
DNA (50 u-g/ml; Sigma Chemical Co., St. Louis, MO). The membranes 
were then hybridized under the same conditions for 18 h in the presence 
of a [a- 32 P]dCTP-labeled (200 /iCi/mmol; New England Nuclear, Mis- 
sissauga, Canada) random primer (BRL) -generated (10) cDNA probe, 
homologous to the region of the PTH gene spanned by the primer set 
MTN1 and MTN. The probe was generated by cloning a PTH RT-cDNA 
PCR product into a TA vector (pCR3), as described below. Once this 
plasmid was sequenced, the cDNA region spanned by the MTN1 /MTN 
fragment was cut from the plasmid with EcoRI and electrophoresed in 
1.5% (wt/vol) agarose ethidium bromide-stained minigels (10). The 
cDNA probe was excised from the gel and purified from agarose using 
Gene Clean II (BioCan Scientific). The cDNA probe was then resus- 
pended in double distilled water before random primer labeling. After 
a brief rinse in 2 X SSC, the nylon membranes were washed at room 
temperature (15 min) in 0.1% (wt/vol) SDS containing 2 X SSC and 
subsequently washed twice (15 min each) at 65 C in 1% (wt/vol) SDS 
containing 0.1 x SSC. Blots were then exposed to Kodak (X-Omat AR) 
x-ray him (Eastman Kodak, Rochester, NY) for 20-40 min. 

Nucleotide cloning and sequencing 

The identity of the hypothalamic PTH cDNA was determined by 
nucleotide sequencing. cDNA moieties were electrophoresed in 1.5% 
(wt/vol) agarose, ethidium bromide-stained minigels (10). The visual- 
ized cDNA bands from PCR (459, 372, and 285 bp) and 3'-RACE (499 bp) 
were excised from the gel and purified from excess nucleotides and 
agarose using Gene Clean II (BioCan Scientific), and the fragments were 
then resuspended in double distilled water before cloning into a TA 
vector (pCR3), using a Eukaryotic TA Cloning Kit (Invitrogen, San 
Diego, CA), according to the manufacturer's instructions. Ten colonies 
were selected for plasmid isolation and restriction analysis (EcoRD for 
the presence of the insert. Selected colonies were grown overnight in 
Luria-bertani broth (50 kanamycin) before plasmid purification, 

using a Mini Prep kit (Quiagen, Chatsworth, CA), and resuspended in 
60 fx\ TE buffer. Automated sequencing (Biochemistry Sequencing Lab, 
University of Alberta, Edmonton, Canada) of plasmids containing PCR 
and 3'-RACE fragments was performed from both 5' and 3' directions. 

Northern blot analysis 

The relative abundance of PTH mRNA in rat neural tissues was 
determined by Northern blotting. Total RN A from rat hypothalamus (20 
/xg), extrahypothalamic brain (20 /ig), liver (20 /xg), and parathyroid 
glands (0.0625-0.25 ng) was quantified using a fluorimeter and sub- 
jected to electrophoresis in a 1% (wt/vol) agarose and 3.1% (wt/vol) 
formaldehyde gel, stained with ethidium bromide, and transferred to a 
nylon membrane by capillarity. A 285-bp rPTH complementary RNA 
(cRN A) probe was constructed from the same plasmid used to produce 
the cDN A probe for Southern blotting. The plasmid pCR3 (Invitrogen) 
containing the probe was linearized by HmdIII digestion and transcribed 
by Sp6 polymerase, using a riboprobe kit (Promega), in the presence of 
[a- 3 *P]CTP (800 ttCi/mmol; New England Nuclear, Mississauga, Can- 
ada). The cRNA probe was then hybridized with the immobilized RNA 
in 60% (wt/vol) formamide containing 6 X SSC, 0.2% (wt/vol) SDS, and 
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1 X Denhart's reagent 10.1% (wt/vol) Ficoll, 0.1% (wt/vol) BSA, 0.1% 
(wt/vol) polyvinylpyrrolidone, and 100 \i% denatured salmon sperm 
DNA/liter, pH 6.8] for 12 h at 53 C after a 3-h incubation in the absence 
of the probe. After a brief rinse in 2 x SSC, the nylon membranes were 
washed at room temperature (15 min) in 0.1% (wt/vol) SDS containing 

2 X SSC and subsequently washed twice (15 min each) at 65 C in 1% 
(wt/ vol) SDS containing 0.1 X SSC. Membranes were then placed be- 
tween intensifying screens and exposed to Kodak X-Omat-AR film for 
1-7 days. The sizes of the hybridizing RNA moieties were determined 
by comparison to the 18S and the 28S ribosomal bands visualized on 
ethidium bromide-stained agarose gels using UV light. Laser densitom- 
etry was used to determine the relative abundance of the hybridizing 
bands. For comparative purposes, similar blots were also probed with 
a sense cRNA probe generated by transcription of the pCR3 plasmid 
(Invitrogen) with T7 polymerase. 

Western blot analysis 

As cDNA sequences coding for PTH-U-84) were found in the brain, 
the presence and relative abundance of this peptide in the hypothalamus 
was determined by Western blotting. Frozen tissues (hypothalamus and 
parathyroid) were homogenized (1 g/10 ml) in 1 % (wt/vol) SDS, 1 mmol 
phenylmethylsulfonylfluoride/ liter, and 10 jig/ml aprotinin using a 
Polytron homogenizer (Brinkmann Instruments, Westbury, NY). Ho- 
mogenates were centrifuged at 2000 X g for 5 min at 4 C, and 20 pg 
hypothalamic and 0.1 fig parathyroidal protein [determined by the 
Bradford method (15)] were diluted 1:1 with loading buffer [0.06 mol 
Tris-HCl/liter (pH 6.8), (vol/ vol) glycerol, 2% (wt/vol) SDS, 5% (vol/ 
vol) 2/3-mercaptoethanol, and 0,001% bromophenol blue] and heated to 
55 C for 15 min before loading. Proteins were then separated by elec- 
trophoresis through a 15% SDS-polyacrylamide gel and transferred elec- 
trophoretically (30 V, 4 h, 4 C) to an Immobilon polyvinylidene difluo- 
ride membrane (Millipore, Bedford, MA). Nonspecific binding sites on 
the membrane were blocked (1 h at room temperature) by incubation in 
5% nonfat dried milk dissolved in Tris-buffered saline (TBS; 25 mmol 
Tris-HCl/liter, pH 7.5, and 0.5 mol NaCl/liter). PTH immunoreactivity 
was detected using a polyclonal guinea pig antibody (16). The antibody, 
specific for the carboxyl region of bovine (b) PTH-O-84), was diluted 
1 :400 in TBS-5% nonfat dried milk and incubated with the membrane for 
6 h at room temperature. Membranes were then incubated with a horse- 
radish peroxidase-conjugated antiguinea pig immunoglobulin G (Am- 
ersham, Mississauga, Canada) diluted 1:1000 in TBS-5% nonfat dried 
milk. Membranes were exposed to Kodak X-Omat-AR film, and visu- 
alization was achieved using an enhanced chemiluminescence detection 
system (ECL kit, Amersham). Antibody specificity was determined us- 
ing bPTH-(l-84) (Peninsula Laboratories, Belmont, CA) as a standard 
(1 /ig) and by preabsorbtion of the antibody with excess (>10 jig/ml) 
bPTH-(l-84) and substitution of the antibody with normal (preimmune) 
serum. Laser densitometry was used to determine the relative abun- 
dance of the immunoreactive proteins. 



Results 

PCR amplification 

PCR amplification of reverse transcribed hypothalamic 
RNA in the presence of the oligonucleotide primer MTN and 
the oligonucleotides MTN1, MTN2, and MTN3 readily gen- 
erated cDNA moieties of the expected sizes (285, 372, and 459 
bp, respectively), identical to those generated from reverse 
transcribed parathyroidal total RNA (Fig. 2). Similar moieties 
were generated from reverse transcribed pituitary total RNA 
and from total RNA and poly(A) + mRNA from extrahypo- 
thalamic brain and hypothalamic tissues (Fig. 3a). These 
moieties were not, however, generated when reverse tran- 
scribed liver RNA was amplified by 35 cycles of PCR (data 
not shown) or when hypothalamic RNA or poly(A) + mRNA 
was not transcribed by reverse transcriptase (Figs. 2 and 3a, 
respectively). 
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PrimerSet: MTN1 MTN2 MTN3 

Fig. 2 Analysis of neural PTH transcripts by PCR in the presence of 
PTH primer sets MTNI/MTN, mW2Mm> and MTN3MTR RNA 
from rat parathyroid gland (P) and hyjpothaltous <H) was reverse 
transcribed and amplified in the presence of each oligonucleotide 
primer set The arapIified cDNA was visualised by electrophoresis in 
ethidium bromide-stained 1.5% minigels, and the size, of the frag- 
ments was determined by <£X174RF DNA/Minfl size markers. Lane C 
shows hypothalamic RNA in the absence of BT. 



-372 bps 




<W 1 



-372 bps 



Bm B Hm H PT PA C 

Fig. 3 A, Analysis of neural PTH transcripts by PGR in the presence 
of PTH primer set MTS2/MTN, PplyCAj* mRNA from extrahypotha- 
lamic (B m ) and hypothalamic {H„) tissue and total RNA firom extra- 
hypothalamic (B), hypothalamic (H), pituitary (PT), and parathyroi- 
dal (PA) tissue was transcribed and amplified in the presence of 
oligonucleotide primer set M7^2/MTN. The amplified cDNA was 
visualized by electrophore^^ 

gels, and the sizes of the fragments were determined by <j»X!74 RF 
BNA/ifinfl size markers. Lane „G is a negative control containing 
hypothalamic RNA in the absence of reverse transcriptase^ South- 
ern analysis of the RTrrtJR transcripts (A) with a ^P-radiolabeled 
rPTH cDNA fragment 

Seminested PCR 

Reamplificadon of the 459-bp hypothalamic cDNA 
(MTN3/MTN) fragment with the nested oligonucleotide 
primers produced a smaller moiety of the ^ pre- 

dicted size (372 bp), identical to that generated from the 
corresponding parathyroidal template cDNA (Fig. 4a). 

Endonuclease digestion 

Restriction endonuclease digestion of the 459-bp hypo- 
thalamic cDNA (MTO3/MTN) fragment generated smaller 
moieties of 217 and 242 bp (Fig. 4b). Fragments of identical 
size were also produced after BsrNI digestion of amplified 
parathyroidal cDNA (Fig. 4b). 

3'*RACE 

Amplification of reverse traniscribed brain tissue RNA 
with the oUgonucleotidepri (^ generated a 

586-bp moiety (data not shown) identical in size to that 
generated from reverse transcribed parathyroidal RNA. 
Multiple weakly staining larger and smaller cDN A moieties 
were also generated. In the absence of RT, a cDNA fragment 



Template 
cDNA 



i cDNA Products 



459 bps 

.372;bp«-;| 



1-217 bp 
1-242 bp 



, C f H |tH H 1 " i L 



Primer MTN3/MTN MTN2/MTN MIN3/MTN 
Set: 

Fig. 4 a, Seminested PCR cDNA fra^ 

thyroidal (P) and hypothalamic CH) RNA by RlNFCR using primer set 
MTO3/MTN were excised to and reampMed with 

the internal primer s^t and 
parathyroidal cDNA fragments (H and P, respectively). A positive 
control, using cBNA torn parathyroidal RNA (N) was also am- 
plified using primer set MTN2/MTN and compared in size to the 
reampMed fragments. Negative controls (C) of hypothalamic cDNA 
lacked RT. b» BsiNI digestion of hypothalamic ^ 
(P)MTN3/B^^ 

by electrophoresis in ; 1.5% ethidium bro^ and 
the sizes of ^e fragments were determined by <£X174RF DNA/Mnfl 
size markers. 



(a) 



-499 bps 



-499 bps 



B H P G 



Fig. 5 (a), Analysis of 3 '-neural PTH transcripts by 3 '-RAGE in the 
presence of ^primer set MTN2 and followed by a second round of 
3^RACR amplification w^ 

from rat whole brain ( VV), extrahynotlmlamic brain (B), hypothalamus 
®; and para^ with oligo- 

nucleotide primer Q T and amplified with two subsequent RACE oli- 
gonucleotide primer sets. The amplified cJDNA was visualized by 
electrophoresis iri 1.5% ethidium bromide-stained minigels , and the 
sizes of the fragments were determined by «^174RF BNA/ifinlI size 
markers. Hyj^thalamic RNA in the absence of RT acted as negative 
control (C).(b), Southern ^ ai&lysis of the 3' RAGE transcripts (a) with 
a a2 P-radiolabeled cDNA fragment. 

could not be generated from extrahypothalamic RNA (data 
not shown). 

Under similar conditions, reamplification of the RAGE 
mixture from primer set MIN2/Q 0 with the oligonucleotide 
primer MfNl and generated a cDNA moiety of 499 bp, 
identical to that generated from RAGE amplification of the 
corresponding parathyroidal template cDNA (Fig. 5a). 

Southern blot analysis 

Hybridization to the ^P-radiblabeled 285-bp hypotha- 
lamic cDNA (KdFTNl/MTN) probe was observed with the 
372-bp cDNA j*€R fragments derived from reverse bran- 
sailed pituitary, hyrx>thakimc, and extrahypothalamic 
brain total RNA and from hypothalamic and extrahypotha- 
lamic brain poly{A)^ mRNA. Hybridation to the 372-bp 
parathyroidal ct)NA was dmilarly observed (Fig. 3b). Hy- 
bridization of 
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AGTCCAGTTC ATCAGCTGTC TGGCTTACTC CAGCTTAATA CAGGGTCACT 
CCrGAAGGAT CXnxnxnXJAG AGTCATI'GTA TG1XJAAGATG ATGTCTGCAA 
GCACCATGGC TAAGGTGATG ATCCTCATGC TGGCAGTTIG TCTCCTTACC 
CAGGCAGATG GGAAAGCCGTTAAOAAGAGA GCTGTCAGTG AAATACAGCT 
T ATngACAACc rnnGCAAAC acxttcgcctc tcttggagagg atgcaatggc 

TO AG AAAAAA GCTOftAAGAT flTACACAATTTTGTTAGTCT TGGAGTCCAA 

ATGGCTGCCA GAfiA AGCrC AG TTACCACiAGG CCCACCAAGA AQGAQQAAAA 
T G TCCIIT GTf GAT GGC AAXI CAAAA AGTCTT TQGCGACKKXi OACAAAGCTG 
ATCTTGG ATOT ATTAGTTAAG OCTAAATC^ ^ GACGTATTGT 
AGACCGTGCT GAGCAATAAC ATATGCTGCr ATCC1TITAA GCTGCACGAA 
GATCACCAGT GCTAATTCTT CT ACTGTAAT AAAAGTTTGA AATTTG ATTC 
CACTTTTGCT CITlViAGGTC TCTTCCAATG ATTCCATTTC AATATATTCT 



L H B 



TCTTTTTAAA GTATTACAGA TTTCCACTTC TCTCCTTAAA TATAAATAAA 
GTTTAATGAT CATGAACCAA A 

fio. 6 Automated nucleotide sequencing of ^ie -cloned PGR and 
3'-RAGE products between cDNA residues 36-709 (corresponding to 
nucleotides 36-2293 of the PTH gene) (12, 13) were identical (100% 
homology) to those of parathyroids! PTH cDNA. The homology of 
these sequenced 673 nucleotides extended over 87 bp of the 5 '-non- 
coding region, throughout all of the coding region (345 bp), and 
through 239 bp of the 3'-noncoding region. The nucleotide sequence 
coding for FT H-{1~$4) is underlined. 

erated by 3 -RACE amplification of the same samples was 
also demonstrated (Fig. 5b). Hybridization was not observed 
in the negative control. 

Nucleotide cloning and sequencing 

The PCR and 3 -RACE fragments sequenced encom- 
passed 95% of the para thyroidal PTH cDN A (13) between 
residues 36-704, corresponding to nucleotides 36-2293 of 
the PTH gene. The nucleotide sequences of these products 
were identical (100% homology) to those of parathyroidal 
PTH cDNA. This homology extended over 87 bp of the 
5'~noncoding region, through ail of the coding region 
(345 bp), and through 239 bp of the 3' noncoding region 
(Fig. 6). 




18S- 



HHm&NA- 



Fig. 7 Northern analysis of PTH mKNA in parathyroidal and ex- 
traparathyroidal tissues. Total cellular RNA extracted from hypo- 
thalaniieTO^ liver (L), and parathyroi- 

dal (P) tissues was subjected to electrophoresis and immbbilized on 
nylon membranes. PTH mRNA-like species were visualized by hy- 
bridization with a t 32 P]CTP-labeled rPTH cDNA probe and autora- 
diography. The position of the 18S ribosomal band is indicated. 



(a) 





-14.3 kDa 
-6.5 kDa 



Fig. 8 Immunoblot detection of PTH in rat neural tissue. Grude 
tissue homogenates (P, parathyroid gland; H, hypothalamus) and 
bPTH-{i~S4) (C) were subjected to reducing SDS-polyacrylamide gel 
electrophoresis, transferred to polyyinylidene difluoride membranes, 
and incubated with bPTH antiserum^ A). Identical blots were 
also incubated with obPTO pi^absorbed with excess bPTH (B). Im- 
munoreactive proteins were visualized using horseradish peroxidase- 
labeled antiguinea pig immunoglobulin G and enhanced chemilumi- 
nescenee. 

Western blot analysis 

A single hypothalamic protein of approximately 10 kDa 
cross-reacted with antibodies directed against bPTH-(l- 
84) (Fig. 8)/ identical in size to that detected in the para- 
thyroid gland and comparable in size to bPTH-(l-84). 
These proteins were not visualized when the primary an- 
tibody was replaced by preimmune serum (data not 
shown) or when it was preabsorbed with excess bPTH- 
(1-84) The relative abundance of the immunoreactive pro- 
tein in the hypothalamus was approximately 0.25% of that 
in the parathyroid gland. 



Northern blot analysis 

Hybridization of the 32 P-radiolabeled cRNA probe oc- 
curred to a hypothalamic ENA moiety of approximately 800 
bp, identical in size to a hybridizing moiety in parathyroidal 
RNA (Fig. 7). The relative abundance of this hypothalamic 
moiety was, however, less than 0.01% of that in the para- 
thyroid gland. Hybridization to a moiety of similar size was 
also detected in RNA derived front extrahypothalamic brain 
tissue (data not shown). This probe did not, however, hy- 
bridize to liver RNA (data not shown). Moreover, in contrast 
with the antisense probe, the PTH sense cRNA probe did not 
hybridize to hypothalamic or parathyroidal RNA (data not 
shown). 



Discussion 

These results clearly demonstrate the presence of PTH 
cDNA, coding for FTH-(X~-84), within the brain. The brain is 
thus likely to be an extraparathyroidal site of PTH gene 
expression, especially as neural PTH cDNA is at least 95% 
homologous to parathyroidal PTH cDNA and is of compa- 
rable size and antigenicity to parathyroidal PTH-O-84). The 
PTH gene in the brain is, therefore, likely to be the same as 
that expressed in the parathyroid gland, rather than a closely 
related gene. The neural PTH gene has, however, yet to be 
fully cloned, and the possibility that it may differ from the 
parathyroidalPTH sequence in the 5'-un translated region 
remains. 
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The results of this study confirm and extend the prelim- 
inary findings reported by Fraser et al. (7) and demonstrate 
the presence of a single PTH mRNA in hypothalamic and 
extrahypothalamic brain tissue identical in size to parathy- 
roidal mRNA. In contrast, Rubin et al. (17) reported that 
human placental cells express a PTH-like mRNA that codes 
for a protein with homology to the carboxy-terminal residues 
of PTH, but this transcript was found to be 200-250 nucle- 
otides smaller than human parathyroid adenoma PTH 
mRNA. 

In recent studies, ectopic transcription of the PTH gene has 
also been demonstrated in hepatocytes, lymphocytes, and 
lymphoblastoid cells (18). However, as the detection of PTH 
gene transcripts in these tissues was dependent upon booster 
PCR, Handt et al. (18) considered this reflected the phenom- 
enon of illegitimate transcription, especially as the abun- 
dance of these transcripts was not regulated by vitamin D 3 
or phorbol esters. The occurrence of PTH gene transcripts in 
the brain is, however, unlikely to be due to illegitimate tran- 
scription (8). Although these transcripts were only detected 
by Fraser et al. (7) after booster PGR, cDNA fragments were 
not similarly generated when reverse transcribed liver RNA 
was amplified by two cycles of PCR under identical condi- 
tions (7). Indeed, we were similarly unable to generate any 
PCR fragments from reverse transcribed liver RNA in the 
present study, even after 45 cycles of PCR (data not shown). 
Moreover, when the oligonucleotide primers used by Fraser 
et al (7) were subsequently used in the present study without 
the EcoRl/Hindlll linker sequences, cDNA moieties of pre- 
dicted size and sequence were readily generated after a sin- 
gle round (35 cycles) of PCR. Expression of the PTH gene in 
the brain, unlike that in hepatocytes and immune cells (18), 
would thus appear to be physiological, rather than a meth- 
odological artifact, even though PTH mRNA is a rare neural 
transcript. 

The abundance of PTH mRNA in the hypothalamus was 
far less than that in the parathyroid gland, although the level 
of PTH gene expression in discrete nuclei was not deter- 
mined. Indeed, Fraser et al. (7) were only able to localize, by 
in situ hybridization, PTH mRNA in the supraoptic and 
paraventricular nuclei of the rat hypothalamus. The tran- 
scription of the PTH gene in the brain may, therefore, be 
confined to a relatively small number of neural cells. These 
cells may not, however, be confined to the hypothalamus, as 
PTH mRNA was also detected in the present study in ex- 
trahypothalamic brain tissue. This finding contrasts with the 
in situ hybridization data of Fraser et al. (7), but is consistent 
with the widespread distribution of PTH immunoreactivity 
in the mammalian brain (2, 6). 

The presence of PTH immunoreactivity in the brain sug- 
gests translation of the neural PTH message. This immuno- 
reactivity is primarily associated with a protein identical in 
size to PTH-(l-84), as demonstrated by Western blotting and 
HPLC fractionation (1). Thus, although PTH-degrading en- 
zymes are present in neural tissues (19), the relative rate of 
PTH degradation into amino- and carboxy-terminal frag- 
ments may be far less than that in peripheral tissues. More- 
over, as the relative abundance of brain PTH (-0.25% of that 
in the parathyroid gland) was greater than the relative abun- 
dance of brain PTH mRNA (-0.01 %), the relative rate of PTH 



degradation in the brain may be less than that in the para- 
thyroid glands. The rate of PTH mRNA turnover may, al- 
ternatively, differ in hypothalamic tissue. 

The low abundance of PTH immunoreactivity in the brain 
suggests that it is unlikely to contribute to the pool of PTH 
in the systemic circulation, especially as some researchers (4, 
5, 20) consider the blood-brain barrier to be impermeable to 
PTH. The permeability of this barrier is, however, uncertain. 
Indeed, the PTH concentration in cerebrospinal fluid (5, 20) 
is higher than that likely to result from local production 
(20-70% of the plasma concentration), and in some studies, 
cerebrospinal fluid PTH levels correlate with plasma PTH 
concentrations (21-23). Therefore, the possibility that PTH of 
neural origin may, conversely, enter the systemic circulation 
exists, especially as the implantation of parathyroid glands 
in the brains of parathyroidectomized rats is able to maintain 
peripheral plasma PTH levels within the normal range (24). 
It is, thus, of interest that immunoreactive PTH (albeit at very 
low concentrations) has frequently been measured in the 
peripheral plasma of hypoparathyroid and parathyroidec- 
tomized patients (25-27) and is measurable in the peripheral 
plasma of fish and amphibians that lack parathyroid glands, 
but have PTH immunoreactivity in their central nervous 
system (1, 28). Under physiological conditions it is, however, 
unlikely that neural PTH would be present in the peripheral 
plasma of mammals at concentrations sufficient to induce 
biological effects in the traditional target sites of parathyroi- 
dal PTH (e.g. renal and osseous tissue). It is, therefore, pos- 
sible that PTH produced within the brain has autocrine or 
paracrine actions to modulate neural function. 

It is now well established that PTH has neurological ac- 
tions (see Ref. 29 for review), modulating Ca 2+ flux (30, 31), 
phosphoinositol metabolism (32), and the synthesis, release, 
and metabolism of neurotransmitters (33-35). Indeed, the 
actions of PTH within the brain may induce neurological 
dysfunction (29) and affect central behavior (36, 37). A central 
action of PTH within the rat brain has also recently been 
considered to participate in the regulation of peripheral Ca 2+ 
homeostasis (38). Intracerebroventricular injections of PTH 
have been shown to inhibit neuronal activity in the ventro- 
medial nucleus of the hypothalamus and inhibit urethane- 
induced hypocalcemia (38). 

The neural actions of PTH are likely to be receptor medi- 
ated, especially as membrane-binding sites for PTH and /or 
PTH-related protein (PTHrP) have been found in the cere- 
brum, the cerebellum, and, particularly, the hypothalamus 
(39). The demonstration of PTH/PTHrP receptor mRNA in 
the rat cerebral cortex and cerebellum (40) also suggests that 
the brain is a target site for PTH action. 

Within the brain, PTH would appear to affect both neu- 
ronal and glial cells. PTH in vitro has direct effects on 
isolated neurons (31, 41) and in brain cell cultures that do 
not contain neurons (42, 43), in which PTH/PTHrP recep- 
tor mRNA is expressed in astrocytes (43). These neural 
receptors may, however, normally mediate actions of 
PTHrP rather than PTH, as its expression in neural tissue 
is greater than the expression of PTH (44, 45). The recent 
discovery of PTH-specific (PTH2) receptors within the 
brain (46) nevertheless suggests that PTH has physiolog- 
ical roles in neural regulation. Indeed, PTH2 receptors are 
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more abundant in brain than in kidney or osseous tissues 
(46), suggesting that the brain is a major target site for PTH 
action. Furthermore, these PTH-specific receptors may be 
responsible for the demonstrated effects of PTH on the 
firing of ventromedial nucleus neurons (38), as neither 
PTHrP nor PTH/PTHrP receptor mRNA is present within 
this nucleus (47). Similarly, although PTH/PTHrP recep- 
tor mRNA levels are relatively low in the paraventricular 
and supraoptic nuclei (47), these are areas of the rat brain 
in which PTH mRNA is most clearly demonstrated (7). 
These results, therefore, suggest that PTH may have au- 
tocrine or paracrine effects within the brain, particularly 
within the hypothalamus. 

In summary, these results demonstrate the presence of 
PTH cDNA, coding for PTH-(l-84), within neural tissues 
and suggest local roles for PTH within the central nervous 
system. 
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ABSTRACT. Polyadenyiated RNA, extracted from rat hypo- 
thalami, cross- hybridized with a RNA probe complementary in 
sequence to rat PTH (rPTH) messenger RNA (mRNA). Ampli- 
fication of complementary DNA (cDNA) by the polymerase 
chain reaction also demonstrated the presence of rPTH mRNA 
in the rat hypothalamus and parathyroid gland. rPTH mRNA 



was localized by in situ hybridization in the paraventricular and 
supraoptic nuclei of the rat hypothalamus. These results dem- 
onstrate the expression of the PTH gene in the central nervous 
system of the rat in areas which suggest roles for PTH in 
neuroendocrine function. (Endocrinology :i27: 2617-2522, 1990 ) 



ECTOPIC hormone production has been demon- 
strated by the diverse distribution of irnmunore- 
active (IR) polypeptide hormones in endocrine and no- 
nendocrine tissues (1-4). PTH, the major peptide regu- 
lator of blood calcium is synthesized primarily in the 
parathyroid gland. IR PTH however has also been found 
in human cerebrospinal fluid (5) and in the brain and 
pituitary gland of sheep {6, 7). More recently, heat-stable, 
nondialyzable IR PTH -like activity has-been localized in 
the brain and pituitary gland of piscine (8), amphibian, 
reptilian, avian, and mammalian species {9, 10). This IR 
PTH has been shown to coelute with authentic PTH 
from reverse-phase Sep Pak Cia preparative and HPLC 
columns (9). Immunocytochemical studies have also in- 
dicated that peptides with IR PTH are confined to peri- 
karya in specific hypothalamic nuclei (10). The possibil- 
ity that the PTH gene may* therefore, be expressed in 
the brain has been determined in the present study, using 
a specific complementary RNA probe to PTH messenger 
RNA (mRNA). 

Materials and Methods 

RNA preparation 

Total RNA was prepared following a modified procedure of 
Okayama et al. (II). Briefly, hypothalami, liver, and parathy- 
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roid glands were dissected from 250 g male Sprague-Dawley 
rats (Harlen Co., Indianapolis, IN) and immediately frozen in 
liquid nitrogen. Approximately 1-2 g of the liver and hypothal- 
ami and 200 ng of the parathyroidal frozen tissue, in 5.5 M 
guanidinrum thiocyanate solution (1:10 wt/vol), were homoge- 
nized by a polytron (Brink man Instruments, Westbury, NY) 
and centrifuged at 1,500 xg&t 22 C for 5 min. The supernatants 
were passed through an 18 g needle to sheer DNA (12) and 
centrifuged at 5,000 xg at 15 C for 20 min. The supernatants 
were then subjected to isopicnic ultracentrifugation (125,000 X 
g at 15 C for 24 h) through a cesium trifluoroacetic acid bed 
(density 1.51 ± 0.01 g/ml; Pharmacia Fine Chemicals, Uppsala, 
Sweden), containing 0.1 M EDTA, pH 7.0. The RNA pellets 
were resuspended in 10 mM Tris-HCI (pH 7.6) and 1 mM EDTA 
buffer (TE) (12), heated to 65 C and centrifuged to remove 
insoluble material. The yield of RNA was 0.094 ± 0.01% of 
total tissue wt, as determined by spectral analysis at 260 nm, 
and its purity was assessed by ethidium bromide staining after 
1% agarose mintgei electrophoresis (12). 

Polyadenyiated (poly A*) RNA was separated from total 
hypothalamic RNA using oligo-deoxy thymine cellulose spin 
columns (Pharmacia Fine Chemicals) and precipitated with 10 
M ammonium acetate (0.2 vol/vol) and ethanol (3 vol/vol) at 
-80 C for I hi The poly A* RNA pellet was dried and resus- 
pended in diethylpyrocarbonate (DEPC) treated water before 
spectral quantification and minigel analysis. 

RNA probe synthesis 

A portion of the rPTH gene (13) containing all of exon HI 
arid intron B was subcloned into a pGEM4 vector (Promega 
Corporation, Madison, Wl) by Dr. Gerhard Hein rich (Fig. la). 
A second plasmtd (Fig. lb) was constructed by inserting the 
BamUl/Hindm chicken PTH (cPTH) (14) fragment into 
pGEM2 vector (Promega Corp,). The complimentary, or anti- 
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Flti. 1. Piasmid constructs used in RNA probe synthesis. a> 
rPTHGEM4 containing exon Hi. intron B. and part of exon II of the 
rPTH gene used for t he synthesis of a 375 hp antisense RNA probe* 
after HmdlU digestion; b. cPTHGEM2 containing the cPTH cDNA 
sequence used for the synthesis of a 430 bp sense RNA probe, after 
digestion wit h feeoRl . 

sense, sequence of rPTH mRNA and the sense sequence of 
cPTH mRNA were transcribed in vitro using i/tndllLdigested 
(Boehringer Mannheim. Dorval, Quebec, Canada) rPTHGEM4 
or cPTHGEM2 as templates and SP6 polymerase ( Bet hesda 
Research Laboratories, Bethesda, MD) in the presence of 25 
>wCi [^PJcytosine triphosphate (3,000 Ci/mrnol) for probing 
Northern blots and j a5 S]cytosine triphosphate (800 Ci/mrnol; 
New England Nuclear Missassauga, Ontario, Canada) for prob- 
ing in situ hybridization, following a modified procedure of 
Melton et at. (15). The sense sequence of cPTH mRNA was 
used to construct a nonspecific probe since it was of similar 
size (430 base pairs) as the rPTH gene fragment (375 bp) and 
could be similarly synthesized. rPTH mRNA was not used to 
construct a sense riboprobe in view of the possibility that small 
amounts of the antisense sequence could be simultaneously 
transcribed in vivo (16), The probes were purified from unin- 
corporated RNAs by three consecutive 10 M ammonium acetate 
(0.2 vol/vol), isopropanol (3 vol/vol) precipitations and resus- 
pended in DEPC- treated water. 

Northern blot analysis 

Total RNA from rat parathyroid gland (1 mg) and poly A* 
RNA from rat hypothalamus (10 mg), in 50% formamide. 0.1 % 
formaldehyde, and 1 X MOPS (20 mM 3(N-morphol- 
ino)propunesulfonic acid, 5 mM sodium acetate. 1 mM EDTA, 



pH 7.0) (12) were elect rop ho resed through a 1.2% agarose and 
3A% formaldehyde gel containing I x MOPS. The RNA was 
transferred by capillarity to nitrocellulose, which was then 
rinsed in 6 x SSC (1 x SSC - 0.15 M NaCl-0.015 M sodium 
citrate, pH 7.2) and baked at 80 C for 2 h under a vacuum. 

The Northern blots were pre hybridized for at least 2 h at 65 
C in 50% formamide containing 5 x PIPES (0.75 M NaCl, 25 
mM PIPES, 25 mM EDTA, pH 6.8), 5 x Denhardt's (04% 
Ficoll, 0.1% BSA, 0.2% sodium dodecyl sulfate, and 0.1% po- 
ly vinylpyrrolodine) , salmon sperm DNA (100 mg/ml), and 
yeast transfer RNA-(tRNA) (100 mg/ml, Sigma Chemical Co., 
St. Louis, MO) and then hybridized under the same conditions, 
for 12 h in the presence of the newly synthesized RNA probes. 
The blots were then serially washed at room temperature and 
twice at 68 C in 0.2% SDS, containing 2, 0.5, and 0.05 x SSC. 
respectively, before exposure to x-ray film (X-OMAT AR, 
Kodak, Rochester, NY) for periods of 2 h to 1 week. 

Polymerase chain reaction (PCJR) 

Rat parathyroid gland total and hypothalamic poly A 4 RNA 
was reverse transcribed by ribonuclease H~ Moloney Murine 
Leukemia Virus UV1 -ML V) reverse transcriptase (100 13. Be- 
thesda Research Laboratories. Gaithershurg, MD) in the pres^ 
ence of -3' -oligomer r PTH antisense primer (50 pmol, Fig. 2b). 
deoxy nucleotides (1.25 mM of each. Boehringer Mannhein. 
Dorval Quebec, Canada), and 1 x PCR buffer (50 mM KC1, 10 
mM Tris-CUpH 8.4, 1.5 mM MgClj, and 20 jig/ml gelatin (17)]. 
The reactions were diluted with DEPC- treated water (500:1, 
vol/vol), and an aliquot of each (1/1000 of total vol) was used 
in a PCR (17) mixture containing both 5 ' -oligomer rPTH sense 
and 3'-oligomer rPTH antisense primers (15 pmol of each. Fig. 
2), deoxynucleotides (1.25 mM of each). 1 x PCR reaction 
buffer, and Thermus aquaticus (Taq) DNA polymerase (5 U. 
Boehringer Mannheim j. The mixture was overlayed with min- 
eral oil (vol/vol), heated to 94 C for 2 min before 30 cycles of 
65 C annealing for 1 min, 72 C extension for 30 sec, and 94 C 
denaturing for 30 sec in a thermal reactor (Tyler Instruments, 
Edmonton, Alberta, Canada). Rat hypothalamic PCR reaction 
product (0.04 vol) was reamplified under the identical condi- 
tions. As a negative control, liver poly A" RNA was similarly 
reverse transcribed and subjected to PCR, as described above. 

In situ hybridization 

Sodium pentabarbitol-anethetized Sprague-Dawley rats were 
perfused with PBS containing EGTA (100 /ig/liter) and then 

Eco BY site rPTH sense (from met initiator) 

a) 5'oHgomer: G ' GAATTC ' ATGAT.GTCTGCAAGCACCATGGCT 



Hind HI site rPTH anlisense (from g In 84} 

o) 3'oligomer; g' AAGCTt' CGGTCTAGAATACGTCAGCATTTA 
Ftn, 2. Oligonucleotide primers, used in the reverse transcription and 
PCR. The S -oligomer primer jaj is equivalent to the 5 '-end of the 
mRNA sequence of rPTH, while the T oligomer primer .(b) is comple- 
ment ary to the 3*-end oft fie mRNA sequence. 
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with 4*1 paraformaldehyde in phosphate buffer ipH 7,0*. Whole, 
brains were dissected and post fixed in 4't para formaldehyde ai 
4 C overnight and cryoprotected by sequential saturation in 10, 
15, and 20% sucrose -phosphate buffer. Coronal sections, 10 
urn. were cut using a cryostat (ReichertwJung, Cambridge Ins. 
CombH, Heideiberger, West Germany) and mounted onto gel- 
atin (0.4^) chromium potassium sulfate (0.04%) -coated slides. 

Tissue sections were fixed with 4% formaldehyde in PBS, 
perforated with 50 mM Tris-Cl (pH 7.6) and 5 niM EDTA 
containing proteinase K (20 pg/ml, Boehringer Mannheim), 
and dried with et Hanoi, before prehybridization in hybridization 
buffer (M)% formarnide, 5 x PIPES. 5 x Denhardt's, 0,2% SDS, 
*100 mM dithiothreitol, and 250 $i%fm\ of salmon sperm DN A 
and yeast t RNA) in a humidified chamber at 42 C for 2 h (IS). 
Alternate sections were hybridized at 42 C for 12 h in hybridi- 
zation buffer containing either fPTH antisense or cPTH sense 
UNA probes. Slides were then serially washed at room temper- 
ature (21 C) in 4 X SSG, initially in the presence of 10 mM 0- 
mereaptoethanoL The nonhybridized RNA probes were then 
digested at 37 C with 50 Mg/ml rtbonuclease A (Boehringer 
Mannheim) in 0.5 M NaCI in TE, followed by a 2 x SSCwash 
at room temperature and finally a 0.1 X SSC wash at 42 C. Air- 
dried slides were dipped in autoradiographic emulsion (NTP- 
2, Kodak. Rochester, NY) and exposed 14 days before devel- 
oping, 

Results 

Northern blot analysis 

As expected, potent hybridization of the rPTH anti- 
sense riboprobe with RNA extracted from the parathy- 
roid gland was observed within 2 h of exposure (lane I, 
Fig. 3). After 7 days, weak hybridization with hypotha- 
lamic poly A* RNA was observed with a moiety that 
comigrated with the signal detected in the parathyroid 
gland (lane 2, Fig. 3). Under the same conditions and 
using equivalent amounts of the riboprobe* specific hy- 
bridization with liver RNA could not be detected (data 
not shown), although nonspecific hybridization with the 
28S and 18S bands (located on the ethidium bromide- 
stained gel; data not shown) was evident. Nonspecific 

pg h 




Kir;. :\, Northern tokn analysis of total RN A extracted from rat para- 
thyroid gland ilant? 1 1- and poly A" RNA from rat hypothalamus Uane 
probed with aniisense rPTH RNA probe. The migration of IBS 
RNA as viewed on ethidium bromide-stained gels, i&-tndicAi«d. 



hybridization with these bands was also indicated with 
the extract of hypothalamic poly A* RNA. Identical 
results were also demonstrated using t hree fu rther poly 
A" RNA preparations (data not shown). 

PCR 

The PCR conducted with parathyroid gland comple- 
mentary DNA (cDNA) produced a single intense band 
smaller than the 434 bp marker and larger than the 298 
bp marker (lane 1, Fig. 4). as_ viewed on the ethidium 
bromide-stained gel (lane 2, Fig. 4). Reamplification of 
rat hypothalamic cDNA also produced a band of equal 
size to that of rat parathyroid gland (lane 4, Fig. 4). 
Amplification of liver cDNA did not reveal a PCR prod- 
uct (lane 3, Fig. 4). 

In situ hybridization 

Exposure of the rat brain sections to the emulsion for 
14 days indicated specific bilateral hybridization with 
rPTH riboprobe in the supraoptic (SO) nuclei (Fig. 5, a 
and b, and Fig. 6). Specific hybridization was also dem- 
onstrated in the paraventricular lateral magnocellular 
(PaLM) nuclei (Figs. 5, d and e and 6). No hybridization 
with an equivalent amount of the nonspecific cPTH 
riboprobe was observed in adjacent sections of these or 
other hypothalamic nuclei (Fig. 5, c and f). Specific 
hybridization could not clearly be detected in sections 
exposed to the emulsion for less than 7 days, further 
indicating the low abundance of the message. 

Under higher magnification, clustering of the rPTH 
signal was found in specific cells of the SO (Fig, 5b). The 
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FlG. 4. Ethidium bromide-stained gel of the HaelU digest eXlpUC 18 
low.mol wt markers 1587, 456, 434, 298, 2G7, ami 174. lane U and PCR- 
amplified cDNA from parathyroidal (lane '>). liver (lane 3i, and hypo- 
thalamic Mane 4) tissues. 



2520 



HYPOTHALAMIC PTH mRNA 



Vol 




Fjcj: 5. Dark field microphotographs of the in situ hybridization of rat brain cryostat sections with rpTH antiacne (&,'b,.d, and e) and ePTH 
sense (e arid 0 RNA probes. Accumulation of silver grains over the cells containing PTH mRNA appear as .white clustering against the background. 
Paraventricular lateral magnocellular i PaLM ), paraventricular ( PaV), periventricular (Pe), and supraoptic nuclei (SQh as well as the third 
ventricle <3V) and optic tract (opt >, are indicated in the micrograph. Bar ~ 50 um and $5 #m for 100 x and 200X magnification, respectively. 



periventricular nucleus (Pe), although the signal in- t hese 
nuclei was greater than background (Fig. 5c). 

Discussion 

These results demonstrate, for the first time, that a 
FFH-like mRNA capable of hybridizing with rPTH arr- 
tisense riboprobe is present in the hypothalamus of rats. 
Northern blot analysis indicates that this mRNA comi- 
tates with rPTH mRNA, and the absence of other 
hybridizing bands (except those due to 28S and 183 
rRNA) demonstrates the specificity of this signal. Al- 
though the signal on the Northern is weak, it was readily 
detected hinder the conditions used) by the increased 
sensitivity of -in situ hybridisation i 19), Moreover, ani- 
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FlV** 0. Schematic drawing of a cross -sect ion through the rat > medial 
basal hypothalamus indicating the nuclei of highest rPTH mRNA 
content (•)« Abbreviations as in Fig, f>. 



tight clustering seen in the SO wits also evident in the 
PaLM but not the paraventricular nucleus iPaVj or 
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plification of rat hypothalamic cDNA by PCR produced 
a single band of equal size to parathyroidal PTH cDNA 
(383 bp; Ref. 14), intense enough to be viewed by ethid- 
ium bromide staining. Since the rat hypothalamic cDNA 
was reverse transcribed from cytoplasmic poly A* RNA, 
the PTH gene would therefore appear to be expressed in 
the rat hypothalamus, even though the message is of low 
abundance. 

In view of the unique nucleotide sequence of PTH 
mRNA at the 3' -terminus (13) it-is highly unlikely that 
mRNA other than PTH mRNA could hybridize with the 
riboprobe, given the stringency of the hybridization con- 
ditions used. Although Weir et ai (20) reported that a 
PTH- related peptide (PTHrp) was expressed in rat 
brain, the sequence homology between PTH and PTHrp 
is restricted to a short sequence near the 5 '-end (21). 
Since neither RNA probe, synthesized from 
rPTHGEM4, contains the 5 '-region of PTH mRNA and 
the 5 '-primer does not complement PTHrp, it is highly 
unlikely that the mRNA we detected was an expression 
of PTHrp gene. Furthermore, whereas we detected PTH 
mRNA in the hypothalamus Weir et al. (20) reported the 
expression of the PTHrp gene in extrahypothalamic 
tissues, particularly the cerebral cortex, and cerebral 
hemispheres. The possibility that the PTH gene may 
also be expressed in extrahypothalamic brain regions has 
yet to be examined, although Balabanova 'it ai (7) de- 
tected IR PTH throughout the brain. 

In the present study cells hybridizing with the PTH 
mRNA riboprobe were located within the SO and PaLM 
nuclei of the hypothalamus. In contrastrhowever, IR 
PTH was determined by immunocytochemistry primar- 
ily within the PaV nuclei and to a lesser extent in the 
suprachiasmatic, Pe, and SO nuclei of the mouse brain 
(10). PTH-like immunoreactivity has, nevertheless, also 
been located in the SO nuclei of other vertebrate species 
(10, 22). In view of this finding, therefore, it is probable 
that the IR peptides previously detected in the vertebrate 
brain resulted from the translation of PTH mRNA ex- 
pressed in these nuclei. The synthesis or release of these 
peptides may, however, differ from that in the parathy- 
roid gland, since the content of IR PTH in the rat brain 
was recently shown to be independent of hyper- and 
hypocalcemia (9), even though calcium depletion and 
vitamin D stimulated the release of IR PTH from sheep 
brain explants in vitro (7). The role if any, for brain 
PTH in peripheral calcium homeostasis or in central 
function is also uncertain. 

The locations of IR PTH and PTH mRNA within the 
brain are in hypophysiotropic regions of the hypothala- 
mus that may regulate anterior and/or posterior pituitary 
function. The possibility that brain PTH may function 
as a hypophysiotropic releasing factor is suggested, since 
peptidergic IR PTH fibers terminate around hypophysial 



blood vessels in the external zone of the mouse median 
eminance of mammals and in the adenohypophysis of 
teleosts lacking portal blood vessels (10, 21). The dem- 
onstration of increased PRL secretion in mammalian 
species systemically injected with PTH or parathyroid 
gland extracts (23-27) may also indicate a neuroendo- 
crine role of this peptide. 

In view of the location of PTH within the brain, it is 
also possible that PTH may participate in neurotrans- 
mission. This possibility is supported by the finding that 
PTH has peripheral actions on target tissues that parallel 
those induced by /^-adrenergic stimulation (28). Actions 
of PTH on neural tissue (inhibition of Ca 2 * channels in 
neuroblastoma cells) have also been demonstrated (29), 
and PTH has also recently been shown to regulate cal- 
cium uptake by brain synaptosomes (30, 31). The possi- 
bility that PTH has physiological roles within the central 
nervous system is also indicated by the finding that PTH 
IR is located in the central nervous system of fish, which 
lack peripheral parathyroid glands (8). 

In summary, these results demonstrate that the PTH 
gene is transcribed in rat hypothalamic nuclei in regions 
that suggest roles for PTH in neurotransmission or neu- 
roendocrine function. 
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Summary. The secretion of immunoreactive PTH 
by different brain regions and pituitary of sheep 
was studied in vitro. Separate tissue .samples of 
gyms, internal capsule, basal ganglia, cerebellum, 
and pituitary were incubated in culture medium 
with low, normal and high Calcium (Ca) (0.7 mM, 
1.2 mM and 2.4 mM) concentrations. PTH release 
in medium containing low Ca were observed by 
all samples. The concentrations increased in the 
fifth and sixth hour from 100% (1st hour basis 
value) up to 300%. The PTH release showed an 
inverse relationship to the Ca concentration in the 
culture medium. To induce any significant decrease 
in medium concentrations of PTH, 1.25(OH) 2 D 
(100 ng/ml) was added to the culture medium. This 
effect could be reversed by DB<AMP. Our results 
indicate that secretion of immunoreactive PTH by 
brain and pituitary of sheep may occur in vitro. 
The secretion depends on the content of Ca, 
1.25(OH) 2 D, and DB-cAMP. 

Key words: Parathormone secretion - CNS - Pitui- 
tary 



Recently we have shown the presence of immuno- 
reactive PTH in the cerebrospinal fluid and in CNS 
and pituitary of sheep (5, 6). We have supposed 
that this hormone is pituitary or hypothalamic ori- 
gin. The aim of this study was to examine the secre- 



Ahbreviations: ACTli - Adrenocorticotropic hormone; Ca = 
Calcium : CNS = Central nervous system ; cAMP - Cyclic adeno- 
sine 3\S'-monophosphatc; CT = Calcitonin; DB-cAMP- Di* 
butyryl'Cyclic adenosine 3',5'-monophosphate: 1.25(GH) a D = 
Dihydroxyvitamin D ; Leu- EN K =• Leucine-enkephalin ; Mg = 
Magnesium ; Met-ENK = McLhiomne-enkephalin : PTH = 1m- 
munorcclivc parathyroid hormone; TSH — Thyroid stimulating 
hormone : T 4 - Thyroxine ; T 3 - Ti iiodothyroninc 



tion of PTH by the CNS and pituitary, and the 
relationship between the PTH release and Ca, 
1.25(OH) 2 D 7 and DB-cAMP, in vitro. 



Material and Methods 

Gyrus (prccentral and postcentral), internal cap- 
sule, basal ganglia, cerebellum, and pituitary were 
obtained immediately after killing the animals. 
Separate tissue samples (0.5 g) of each region, and 
pituitary (three glands cutled into slices of about 
1 mm) were incubated in flasks with 10 ml culture 
medium (serum-free Eagle's Minimum Essential 
Medium, Sigma, FRG), with low Ca concentration 
up to 6 h at 37° C, in an atmosphere of 95% air 
and 5% C0 2 - The magnesium concentration was 
constantly 0.8 mM. 

In a parallel incubation, the following experi- 
ments were performed : 

After 2 h incubation: 

1. The medium was altered to a normal and 
respectively high Ca concentrations and incubated 
for 2 h. 

2. 100 ng/ml 1.25(OH) 2 D were added, and 

3. 2 h later 10 mM DB-cAMP were added to 
the self medium - 

The secretion of PTH into the culture medium 
was determined hourly during a period of 6 h. At 
the end of each incubation interval, the medium 
in each flask was centrifuged at 1,000 g for 10 min. 
The supernatant was decented and frozen at 
— 20° C The PTH secretion during the first hour 
was defined as basis value (100%). The change 
of the concentration during the following hours 
was put in reference. 

All investigations were performed with three 
samples of each separate tissue. 
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Fig. 1. riourl; 
pituitary (£), 



ly PTH release at low Ca concentration (0 7 mM > . . . , , 

~- and plus DB-cAMP Gvru^T"L ° UI ' ly PTH rclcase al lovv plus 1.25(OH)..D 

Each point ^~can±SD. (Kesu.u CO. Ccrcbeilun, (D). a'nd 



The PTH concentrations were measured by ra- 
dioimmunoassay (35-84 amino acids) (Institut Na- 
tional des Radioeicments, Belgium) according io 
the method of Arnaud et al. [3]. The standard was 
novine PTH, the antisera was a rabbit antiserum 
directed against the C-tcnninal part (amino acids 

?n»/ L°o, th ^u m0,eCUle - The bindin S capacity was 
JU/0-J5/0. The standard curve covers the range 
0.3 ng/ml-12.5 ng/ml. The intraassay coefficient of 



( ^,. (r/ . L/UO^, fifilil^ 

cuftaitons for each tissue sample) 

variation was 7.5%. The fragment 1-34 provoked 
a reduction of native labelled PTH fixed on anti- 
bodies, in a ra tio of only 1 : 10.000 ng/ml. The cross 

ENK°M 7H£ CTH > CT ' TSH ' T,. T 4 , Leu- 
LNK, Met-ENK. a-endorphine, ^-endorphine, y 
endorphme, and 1.25(OH) 2 D were below 0 1%. 
1 he nonspecific binding of the tracer to the buffer 

fron ^ I f aSSay and 10 the incu bation medium 
trom each culture was under 5%. 



on 



sec 
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Table 1. PTH release in medium with low, high, and normal Ca concentrations. Each value represents 
mc&n±SD. (Results of three incubations for each tissue sample) 



Tissue Parathyroid hormone concent ratio as (n^/ml ± SD) in Culture medium with : 



Low Ca (0.7 mM) High Ca (2.4 mM) Normal Ca (1 .2 mM) 





3h 


4h 


3h 


4h 


3h 


4h 


Gyrus 


6.8 ±0.7 


7.7±1.0 


6,2 ±1.2 


5.7±0.8 


6.7 ±0.9 


6.8 ±1.0 


Internal capsule 


5.1 ±1.3 


5.3±1,4 


4.2+1.6 


4.0 ±1.2 


4.6 ±1.2 


4.5 ±1.7 


Basal ganglia 


5,5±0.4 


6.8 + 0.3 


5.2±1.3 


4,7+0.3 


5.4+J.8 


5.6±0.5 


Cerebellum 


6.7±0.4 


7.2±0,9 


4.9 ±0,4 


4.8 ±1.0 


5.9 ±0.3 


6.0±0.4 


Pituitary 


3.1 ±0.5 


4.1 ±0.6 


2.6+0.3 


2.1 ±0.4 


2.9 + 0.3 


2.8 ±0.5 



Ca and Mg concentrations in the incubation 
medium were verified by automatic complexomet- 
ric titration (Zinsser, Frankfurt). 

Results 

Gyrus, internal capsule, basal ganglia, cerebellum, 
and pituitary which were incubated in culture me- 
dium with a low Ca concentration secreted PTH. 
In the 4th hour the secrerion increased rapidly, 
and in the 6th hour it reached a maximum of ap- 
proximately 200%-350% of the basal value in the 
1st hour of 100%. 

In the incubation medium with a high Ca con- 
centration the PTH secretion decreased and in the 
medium with a normal Ca concentration the secre- 
tion remained unchanged (Table 1). After the addi- 
tion of 1 .25(OH) 2 D (100 ng/ml) to the medium the 
PTH secretion diminished from 100% to 70%. 
This effect could he reversed by adding 10 mM 
DB-cAMP which again stimulates the PTH secre- 
tion. The results are given in the Fig. 1. 

Discussion 

Our results demonstrate a PTH secretion by gyrus, 
internal capsule, basal ganglia, cerebellum, and pi- 
tuitary of sheep in vitro. 

The effects of Ca, 1.2S(OH) 2 D, and DB-cAMP 
on the secretion of PTH by the parathyroid glands 
were investigated. An inverse relationship between 
PTH secretion and Ca has been described by sever- 
al authors [8, 9, 11]. Also the inhibitory effect of 
1.25(OH) z D on the PTH release has been observed 
[2, 4, 7]. The presence of an adenylate cyclase sys- 
tem in the parathyroid glands cells and the regula- 
tion of the PTH secretion by cAMP ha ve also been 
demonstrated [1, 13]. cAMP has been found in 
almost all types of animal and bacterial cells [10] 
while Sutherland et al [12] showed its role as a 
second messenger (in the activation of different cell 



types by specific first messenger), in particulary 
peptide hormones. cAMP participates in cell acti- 
vation including exocrine and endocrine secretion. 
Our results indicate that cAMP is also involved 
in the brain pituitary PTH secretion. In conclusion, 
the effects of Ca, 1.25(GH) 2 D, and DB-cAMP on 
the PTH release observed in this study indicate 
the existence of a classic calcium endocrine regula- 
tory mechanism in CNS/pituitary. The secretion 
of PTH by CNS and pituitary suggest that this 
hormone may play a role as neurotransmitter or 
ne urom odula t o r . 
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STUDIES ON A PUTATIVE PTH2 RECEPTOR-SELECTIVE 
LIOAND IN BOVINE HYPOTHALAMUS. 

M. MannstadL H. T. Kgutmann. S. Jusseaumfc* H. Takasu*. H. 
/flppner and T. J. fjardella. Endocrine Unit, Dept. of Medicine, 
Massachusetts General Hospital and Harvard Medical School, Boston, 
MA 02114. 

The recently cloned PTH2 receptor, that recognizes PTH but not 
native PTHrP, might have a natural ligand that is different from PTH. 
Recently, evidence was provided for a PTH2 receptor-selective ligand 
in the brain (T. B. Usdin, Endocrinology 138: 831-834, 1997). To 
farther characterize this putative new peptide ligand, we partially 
purified it from bovine hypothalami following the procedure of T. B, 
Usdin with minor modifications. Following horaogenization in acid- 
acetone and a CI 8 adsorption step, extracts were fractioned on a 
Sephadex G 50 column and then by rcversed-phase HPLG Screening 
for cAMP accumulation in COS-7 cells transiently expressing either the 
PTH/PTHrP receptor (PIRc) or the PTH2 receptor (P2Rc) revealed 
two distinct peaks of activity, one peak with PlRc-specific activaty 
(possibly PTHrP) and another peak with P2Rc-spectfic activaty (Fig.). 
100-, 




48 49 50 51 52 53 54 55 
HPLC Fraction # 

The purification and characterization of the latter peak of activity 
should lead to the identification of a new peptide ligand and its 
encoding gene. 
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FUNCTIONAL PROPERTIES AND TISSUE DISTRIBUTION OP 
A PARATHYROID HORMOME TYPE 2 RECEPTOR (PTH2R) IN 
THE ZEBRAFISH (DANIO RERIO) . D. Rubin*. J. 
Chen*. L. Zon», M. Fl^nv r. BgrQ wit- y * apj 
JQPPngr . Endocrine Unit. Massachusetts General 
Hospital, Harvard Medical School, Boston, MA, 
C.V.R.C., Massachusetts General Hospital, Harvard 
Medical School, Charlestown, MA, and H -H.M.I, and 
Children's Hospital of Boston, Harvard Medical 
School, Boston, MA. 

A zebrafish parathyroid hormone type 2 
receptor (zebPTH2R) was cloned from a XZAP 
zebrafish kidney cDNA library. It showed 
significant overall amino acid homology to the 
human PTH2R (hPTH2R) , 63% identity, but only 48- 
51% identity with the type 1 PTH/ PTH-r elated 
protein receptor from several mammalian species 
and Xenopus laevis. Genomic Southern blot 
analysis using either the 5' untranslated or the 
tail exon of the zebPTK2R indicates that only a 
single gene is present. Wholemount in situ 
hybridization studies were employed to determine 
the tissue distribution o£ the zebPTH2R in the 
early zebrafish development. In two and three 
day old embryos, the zebPTH2R was abundantly 
expressed in brain, kidney, and vasculature. 

Functional expression of this teleost 
zebPTH2R in mammalian COS-7 cells showed that 
cAMP accumulation was stimulated by analogs of 
human, rat, bovine, and chicken PTH, but not by 
PTHrP. This indicates that the zebPTH2R has a 
ligand specificity which is similar to that of 
the human PTH2R homolog. It is therefore likely 
that a PTH-like molecule exists in zebrafish, and 
possibly other teleosts which lack parathyroid 
glands. Further characterization of the 
zebPTH2R, and the identification of other 
zebrafish receptors for PTH and/or PTHrP. will 
enhance our understanding of the molecular 
evolution and physiology of these G protein- 
coupled receptors, and may lead to the isolation 
of teleost PTH-like ligands. 
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SPOCIFK: IMMUNOLOCAIJZATTON OF THE HUMAN PT1 WU IrP 
RECKPTOR IN CLASSICAL HUMAN TARGET TISSUES AND OVARY. M. 
Elisabeth H runx. Milch Scott*. Jack Ladcnson*. Julia lezzoni*. Amy E. Adams: 
Larry J. Su va. James E, Ferguson II*. Rceina M. Scancr*. and David E. Bums. 
University of Virginia, Charlottesville, VA, Washington University, St. Louis, 
MO, and I larvard Medical School, Boston, MA. 

Parathyroid hormone (PTH) regulates calcium and phosphate metabolism via 
the activation of a specific O protein-coupled, rnembrane-bound receptor. This 
receptor also recognizes the related, yet evoluuonariry distinct hormone PTI 1- 
rctaled protein (PlffiF). In an effort to identity the sites of expression of the 
hPTH/PTHrP receptor protein, we prepared monoclonal antibodies (mAb) against 
portions of the receptor. mAb 3D! . 1 was characterized in detail. 'Ihis mAb 
recognizes protcin(s) with apparent molecular weights of 80,000 and 1 60.000 
dallons in Western blots of cell lysatcs of a human embryonic kidney cell line 
(HEK-293. c iohc C-21) sahry expressing the human m 1/PTIIrP receptor. The 
mAb does not recognize the recently identified hill 12 receptor, which shares 
51% amino acid sequence identity with the hPTH/PTIIrP receptor, expressed in 
these cells. Binding of the mAb to the PTH/PTHrP receptor b inhibited by an 
excess of the Hll/PTHrP receptor immunogenic peptide, but not by the 
corresponding region of the hPTJI2 receptor. IrruminohisJochernicaJ analysis of a 
wide variety of fixed, parafHrvembedded tissues, demonstrated specific 
FMI/rpirP leeeptor expression in kidney lubular and glomerular cpilheliura and 
m alTcreni and cfTcrcnt renal arterioles, but not in glomerular endothelium. The 
most intense staining was in intervertebral disc chondrocytes. All vasculature 
studied was stained in both vascular smooth muscle and endothelium. Thus, mAb 
3D 1. 1 positively stained classical Pill target tissues. Specific immunolocalizalion 
was also observed in human ovary with intense staining in the outer single cell 
layer orcpithelium and the oocyte as well as in endocrine structures of both the 
preovulatory follicle (theca) and corpus lulcura (theca and granulosa cells). These 
findings support the previous identification of hPTI 1/PTHrP receptor mRNA 
expression in the human ovary and identify the cell types expressing the receptor. 
Ihc location ofthe hl'll W\l IrP receptor in human ovary strongly suggests a 
role for PTI I and/or 11 1 IrP in normal human gamete maturation and embryonic 
dcvclopmcnl. 
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PTH/PTHrP-RECEPTOR KNOCK-OUT MICE DEMONSTRATE 
ALTERED EPIPHYSEAL CARTILAGE AND ENDOCHONDRAL 
BONE FORMATION. Landjs., £. Blficfc*, KJ- Hodgcns *. ij. 
KlVncnbcrg'. and a. Laiskc 1 . Department of Orthopedic Surgery, 
Children's Hospital, Boston, MA, and ! Endocrine Unit, Massachusetts 
General Hospital, Boston, MA. 

To examine possible structural -function al relationships in chondro- 
genesis for the parathyroid horrnone^parathyroid hormone-related pep- 
tide (PTH/PTHrP) receptor, femoral and tibial epiphyseal growth plate 
cartilage and adjacent perichondrium from normal 18.5-day old fetal 
mice and their littermates ablated for the receptor gene were studied by 
microscopy. Whole legs were fixed in rwu^ormaldehydc-glutaralde- 
hyde, processed, and embedded in LR White resin. Some specimens 
were post-fixed in osmium tetroxide. Samples were sectioned at I urn 
thickness and stained with toluidine blue for light microscopy. Tissue 
regions analyzed by electron microscopy were thin-sectioned (-80 nm) 
and stained with uranyl and lead salts. Growth plates of long bones 
from PTH/PTHrP-receptor knock-out animals, compared to wild-type, 
were considerably shorter, contained fewer proliferating and maturing 
chondrocytes and smaller extracellular volume; appeared with disor- 
dered transitions between proliferating, maturing and hypertrophic cells; 
and failed to form typical longitudinal cell columns and septae. Knock- 
out mice also were marked by previously unreported extensive glycogen 
deposits among proliferating, maturing, and hypertrophic cells; and by a 
pattern of calcification occurring at multiple sites in hypertrophic zones 
rather than normally along longitudinal septae. Perichondrium and its 
constituent cells appeared relatively indistinguishable in knock-out and 
control mice. These observations were similar to those found in sepa- 
rate studies of PTHrP knock-out mice and suggest that the effects of 
PTHrP on the structure of growth plate chondrocytes, their temporal 
and spatial developmental sequence, and their ability to support endo- 
chondral ossification are mediated by the PTH/PTHrP receptor. 
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Report on Board of Scientific Counselors* Review 
Dr. Ted Usdin 
March 5, 2001 

Summary of Discussion and BSC Recommendations 

The panel congratulated Dr. Usdin on his achievements in successfully cloning HP39, 
the ligand for the orphan PTH2 xeceptor protein. They thought he had made a good 
gamble in concentrating on this effort, and they described the result as phenomenal. It 
would be a significant loss to NIMH if he were to leave* They felt that Dr. Usdin had 
made good choices in deploying his limited resources and in taking calculated risks. The 
panel indicated that his proposal would probably not fair very well in a study section 
because there were few hypotheses and because he did not have a great deal of expertise 
in the neurobiological systems he was proposing to investigate; however, the panel 
expressed confidence that Dr. Usdin would nonetheless be successful in these projects 
because he is both thoughtful and a problem solver. For the same reason, the pane! was 
reluctant to be prescriptive, preferring to let Dr. Usdin continue to exercise his good 
judgment in future experiments. 

The panel rated the prior work as outstanding and the future work as excellent to high 
excellent They enthusiastically recommended that Dr. Usdin receive tenure at NIH. In 
addition, they endorsed Dr. Usdin's interaction with the BMAP project, concurring that 
the effort will benefit both from Dr. Usdin*s technical expertise and from his attention to 
detail. The panel supported an increase in Dr. Usdin's resources. They saw training with 
Dr. Usdin as a great opportunity for post-doctoral fellows, although they suggested that 
the fellows be encouraged to interact with other fellows in the Laboratory of Gaieties. 

ad hoc Reviewer Reports 

Reviewer J 

1. Quality - The quality of this research program is clearly very high. There is no question that Dr. 
Usdin's output would compare favorably with investigators at top research institutions especially 
when taken in light the relatively small number of personnel who have worked on his research 
program. Experimental designs and methods are clearly appropriate to provide unambiguous 
answers and indeed have done so in the prior research period. I would recommend support for 
the project be augmented in the view of past productivity and substantial amount of important 
new work that is proposed. 

2. Creativity - The investigator has clearly demonstrated thoughtful risk taking to address the 
problem of identifying novel peptides and their receptors. It should be kept in mind that his 
attempt to find ligands for PTH2R could easily have failed. The proposals to study TTP39 and 
PTH2R in relation to nociception are ambitious. It will certainly take creativity and careful 
planning to plunge into the difficult field of peptides and pain research as he proposes. 
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Characterization of the human and mouse genes encoding the 
tuberoinfundibular peptide of 39 residues, a ligand of the 
parathyroid hormone receptor family 

I A Hansen, O Jakob, S Wortmann, T Arzberger 1 , B Allolio 
and E Blind 

Department of Medicine (Endocrinology), University of Wurzburg, Josef-Schneider-Strasse 2, D-97080 Wurzburg, Germany 
department of Pathology, University of Wurzburg, Wurzburg, Germany 

(Requests for offprints should be addressed to E Blind; Email: eberhard.blind@mail.uni-wuerzburg.de) 



Abstract 

The polypeptide TIP39 (tuberoinfundibular peptide of 39 
residues) is a potent activator of the parathyroid hormone 
(PTH)-2 receptor (P2R) and an antagonist of the PTH-1 
receptor (P1R). To clarify its possible physiological func- 
tion^), we studied its interaction with the human P1R 
and P2R and examined the expression of TIP39 in man 
and mouse. To find out possible sites of this ligand 
interaction in the organism, we identified the genes 
encoding the TIP39 protein precursors of Homo sapiens 
and Mus musculus in the databases of the human and mouse 
genome projects respectively. We then obtained the 
full-length cDNAs of both species by RACE-PCR. The 
deduced TIP39 preprohormones consist of an N-terminal 
30 amino acid (aa) signal peptide followed by a 29 aa 
TIP39 precursor-related peptide, an Arg-Arg processing 
site, and the actual 39 aa TIP39 sequence. The first 23 aa 
of the actual TIP39 sequence, thought to contain the P2R 
receptor activation site, are identical in man and mouse 
and thus phylogenetically conserved. By contrast, the 16 aa 
C- terminal portion showed a higher degree of diversity 
(75% aa identity). By using RT-PCR, TIP39 was found 
to be highly expressed in human central nervous system 
tissues, trachea, fetal liver, and, to a lesser degree, in 
human heart and kidney. Using in situ hybridization, 



TIP39 mRNA expression was revealed in various areas of 
the mouse brain. In a homologous human cell model using 
human embryonic kidney 293 cells stably transfected with 
human P1R and P2R, human TIP39 did bind to P1R 
with moderate affinity (IC 50 ~10" 7 -i0~" 6 M), but 
showed higher affinity binding to P2R (IC 50 - 10 " 8 M), 
comparable to the affinity of human N-terminal PTH 
(hPTH(l-34)) to this receptor. In P2R-transfected cells, 
the cAMP pathway was activated more efficiendy (~ 10- 
fold) by TIP39 as a ligand compared to hPTH(l-34). In 
PIR-transfected cells, only hPTH(l-34) but not TIP39 
was able to elicit a cAMP response, but TIP39 was able 
to direcdy antagonize the cAMP-stimulating effect of 
hPTH(l-34) on this receptor. In conclusion, we could 
show a possible function of TIP39 for the human organism 
as a potent activator of P2R (e.g. in brain) as well as an 
antagonist of the action of PTH and/or PTH-related 
protein on P1R (e.g. in bone and kidney). The physio- 
logical role of TIP39 in calcium metabolism with regard to 
these actions remains to be determined. The tools devel- 
oped in this work will allow us to investigate the possible 
role of TIP39 as a locally or systemically secreted ligand 
modulating the function of the PTH receptor family. 
Journal of Endocrinology (2002) 174, 95-102 



Introduction 

The polypeptide TIP39 (tuberoinfundibular peptide of 
39 residues) has been discovered recendy in bovine 
hypothalamus (Usdin et al 19996) as a third member 
of the parathyroid hormone (PTH) ligand family, which 
now consists of PTH, PTH-related protein (PTHrP) and 
TIP39 (Usdin et al 2000). Whereas PTH plays a major 
role in calcium metabolism and PTHrP regulates bone and 
cartilage development (among other functions), the bio- 
logical function of TIP39 is largely unknown. It shows a 
limited homology with PTH, only 9 out of 39 residues are 



identical in the bovine amino acid (aa) sequence (Usdin 
et al 19996, Piserchio et al 2000). TIP39 is a potent 
activator of the PTH-2 receptor (P2R), the physiological 
function of which is also unknown at present (Usdin 
2000). However, TIP39 also acts as an antagonist on the 
PTH-1 receptor (P1R), to an extent which varies in 
different species (Hoare et al 2000). TIP39 has been 
isolated from bovine hypothalamus due to its capability of 
activating the P2R. Since the publication of this discovery 
in November 1999 (Usdin et al 19996), there are still only 
very few data about the possible function(s) of this peptide 
and where it might be expressed in the organism, besides 
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the hypothalamus. A possible function of TIP39 in this 
hypothalamic region has been suggested recently by 
experiments showing some influence on hypothalamo— 
pituitary axes (Ward et al 2001). 

To clarify its possible physiological function (s), we 
studied the interaction of human TIP39 in a homologous 
human model system with the human P1R and human 
P2R and examined the expression of TIP39 in man and 
mouse. 

Materials and Methods 

Cell lines, peptides and animals 

The cDNA of P1R (kindly provided by Dr Harald 
Jiippner, Boston, MA, USA) and P2R (kindly provided by 
Dr T Usdin, Bethesda, MD, USA) were subcloned into 
the expression vector pCEP4 (Invitrogen, San Diego, CA, 
USA) and used to generate human embryonic kidney 
(HEK) 293 cells stably expressing the receptor proteins, as 
described (Blind et al. 1995). The cells were maintained in 
DMEM medium with Glutamax, containing 10% fetal calf 
serum, 100 U/ml penicillin G, and 100 ug/ml strepto- 
mycin in a humidified atmosphere of 95% air/5% C0 2 at 
37 °C. Human PTH(l-34) (hPTH(l-34)) was purchased 
fromBachem (Heidelberg, Germany). TIP39 was custom 
synthesized by Immundiagnostik (Bensheim, Germany) 
using the published aa sequence (Usdin et al. 19996). 

Adult male CD-I mice were purchased from 
Charles River Breeding Laboratories (Sulzfeld, Germany) . 
Animals were kept under standard laboratory conditions 
with a 12 h light: 12 h darkness cycle. All efforts were 
made to minimize both the suffering and number of 
animals used and all procedures were performed according 
to the accepted standards of good animal care. 

Radioligand binding assays 

Competitive binding studies were carried out in intact cell 
assays by displacement of the radioactive ligand [ 125 I]- 
Nle 8 ' 21 -Tyr 3 *-rat PTH(l-34)-amide (NEN, Boston, MA, 
USA). Cells were grown for 3 days in 24-well plates to 
confluence, exposed to serum-free assay medium (DMEM 
containing 0-1% BSA and 1 mM Hepes) for 1 h and 
incubated in assay medium containing 50 000 c.p.m. 
radioactive ligand and various concentrations of unlabeled 
hPTH(l-34) or synthetic TIP39 at room temperature for 
1 h. The cells were washed three times with ice-cold 
medium and then dissolved in 1 ml 1 M NaOH for 
measurement of cell-associated 125 I in a y-counter. 

Measurement of total inositol phosphate (IP) turnover and of 
accumulated intracellular cAMP 

The determination of accumulated total IPs was carried 
out in cells metabolically p relabeled with [ 3 H] myoinositol 



(Amersham, Freiburg, Germany) as described previously 
(John et al. 2001). To improve detectability of rather small 
degrees of activation of this pathway, the protein kinase 
inhibitors H-89 (30 uM) and GF 109203X (6 uM) (both 
from Bachem) were added, since we had shown previously 
that blocking protein kinases A and C with these sub- 
stances resulted in an enhanced IP response (Blind et al. 
1996). 

To stimulate intracellular formation of cAMP, cells 
were incubated in 12- well plates with DMEM medium 
containing 1% BSA, 20 mM Hepes buffer and 1 mM 
3-isobutyl-l-methylxanthine at 37 °C for 15 min together 
with the test substances. After removal of the supernatant, 
accumulated intracellular cAMP was extracted with 1 ml 
95% ethanol, pH 3. After 2 h, the alcohol was removed by 
evaporation and cAMP measured by RIA (Beckmann 
Coulter, Unterschleissheim, Germany). 

Data analysis 

Data for ligand-stimulated second messenger accumulation 
and inhibition of radioligand binding were analyzed using 
the software package Prism (GraphPad Software, Inc., San 
Diego, CA, USA), which was also used to calculate EC 50 
and IC 50 values. 

Isolation of RNAfrom solid tissues and RACE 

Total RNA was isolated by a commercially available 
modification (TRIzol; Invitrogen, Karlsruhe, Germany) of 
the one-step phenol/guanidinium thiocyanate method 
(Chomczynski & Sacchi 1987). Poly A+ RNA was isolated 
using the Oligotex mRNA Mini Kit (Qiagen, Hilden, 
Germany) . 

RACE was performed using the SMART RACE 
cDNA Amplification Kit (Clontech, Alameda, CA, USA) 
following the manufacturer's instructions. One microgram 
of poly A + RNA was used as starting material. The 
following synthetic oligonucleotides were used as primers 
for RACE-PCRs: Homo sapiens 5'-RACE (5'-CTGCAC 
GGTAGGGGACTGTGCGGGAAGCTGG-3'), Homo 
sapiens 3'-RACE (5'-ATGGAGACCCGCCAGGTG 
TCCAGGAGCCCT-3'); Mus musculus 5'-RACE (5'- 
AGGCGCAGTCGCAGTGCGACAGGCTC-3'), Mus 
musculus 3'-RACE (5 '-ATGGAGACCTGCCAGATGT 
CCAGGACGCCC-3'). RACE products were analyzed 
in 1-5% agarose gels. Isolated bands were cut out of the gel 
and agarose was removed using Ultrafree-DA spin col- 
umns (Millipore, Eschborn, Germany). The cDNAs were 
inserted into the PCRII-TOPO vector (Invitrogen) fol- 
lowing the manufacturer's instructions. Sequencing was 
performed by Toplab (Martinsried, Germany). 

Labeling of RNA probes with digoxigenin-UTP (DIG-UTP) 
by in vitro transcription 

In vitro transcribed RNA (cRNA) was synthesized from 
cDNA fragments cloned into the plasmid PCRII-TOPO 
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(Invitrogen) using T7 or SP6 polymerase respectively. 
Plasmids were linearized by digestion with an appropriate 
restriction enzyme. Reactions were performed according 
to protocols of the DIG RNA labeling kit (Roche, Basel, 
Switzerland) . 

In situ hybridization on cryosections 

Total brains of adult mice were dissected, carefully frozen 
with dry ice powder and stored at — 80 °C. Cryosections 
(10 um) were transferred to SuperFrostPlus microscope 
slides (Roth, Karlsruhe, Germany) and fixed for 15 rnin in 
4% para-formaldehyde/PBS at 4 °C. In situ hybridization 
was performed as described in the Nonradioactive In Situ 
Hybridization Application Manual (Roche Molecular Bio- 
chemicals, 2nd edition). The reactive structures were 
visualized by colorimetric reaction (4-nitroblue tetrazo- 
lium chloride/ 5 -bromo-4-chloro-3-indolyl-phosp hate) . 
The specimens were mounted in Aquamount (Dako, 
Hamburg, Germany) and analyzed under the microscope. 

RT-PCR 

The reactions were carried out using total RNA (250 jig) 
as template and the Qiagen OneStep RT-PCR Kit 
(Qiagen) according to the manufacturer's instructions. 
The PCR products were analyzed in 1*5% agarose gels 
stained with ethidium bromide. The following synthetic 
oligonucleotide pairs were used as primers for Mus 
musculus, 5'-CTGCACGGTAGGGGGTCCTGTAGGA 
GGCTGG-3' and 5'-AGGCGCAGTCGCAGTGCGA 
CAGGCTC-3', and for Homo sapiens, 5'-CTGCAC 
GGTAGGGGACTGTGCGGGAAGCTGG-3' and 5'- 
CGCAGTCCGGAGCGCAGGGCATGGTC-3'. 

Nucleotide and aa sequence analysis 

Genome searches were performed using TBLASTN at 
the NCBI databases (http://www.ncbi.nlm.nih.gov/); 
sequence similarities were studied using Clustalw at 
EMBL (http://www2.ebi.ac.uk/clustalw/). 

Results 

Characterization of the gene encoding TIP39 

A database search in the human genome using the aa 
sequence described in the literature revealed a TIP39 gene 
locus on the long arm of chromosome 19 at band 19ql3.3. 
In the mouse genome a sequence derived from the NCBI 
mouse genome database was identified. Starting with 
templates of mouse and fetal human brain, we obtained 
human and murine cDNAs by RACE-PCR (submitted 
to GenBank and available under the GenBank accession 
numbers: AY037555 and AC073740). An alignment of 
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the nucleotide sequences of the human and murine 
cDNAs revealed 80% identity. The human cDNA consists 
of a 5 '-untranslated sequence of 102 bp, an open reading 
frame of 300 bp, and 55 bp of 3 '-untranslated sequence 
containing a polyadenylation signal (Fig. 1A and B). The 
genes of both man and mouse consist of two exons 
separated by an intron at corresponding sites. Exon 1 
encodes 43 aa of the TIP39 precursor protein, exon 2 
encodes the remaining 57 aa (Fig. 1C). 

A computational analysis (Nielsen et al. 1997) of the 100 
aa prepro sequence indicates that the first 30 aa most 
probably function as a signal peptide that directs the 
polypeptide chain to the endoplasmatic reticulum. The 
TIP39 precursor also contains two possible cleavage sites 
(Arg-Arg motif with compatible adjacent residues). The 
first separates an intercalated peptide from the secreted 
peptide (Fig. ID), the second is found at position 22/23 
within the actual TIP39 sequence, suggesting that they 
may play a role in the processing of TIP39. 

Comparison of the primary structure of the human and 
mouse preproTIP39 and the partially known bovine 
sequence using the Clustalw software shows a 100% 
identity between Homo sapiens and Bos taums within the 
actual TIP39 sequence. Man and mouse share 79% overall 
identity and 89% identity within the secreted TIP39 
peptide itself (Fig. IF). The identities of the signal peptides 
comprise 77%, the intercalated peptides 68%. The actual 
TIP39 sequence shows the highest degree of identity in 
the N-terminal region. 

Distribution of TIP39 mRNA in man 

By RT-PCR we screened human tissues for TIP39 
mRNA expression (Fig. 2) . Using templates of fetal and 
adult tissues we obtained strong bands in fetal and adult 
brain, cerebellum and trachea. Furthermore, there was 
evidence for TIP39 mRNA synthesis in spinal cord, fetal 
liver, kidney and heart. No response was detected in adult 
liver, lung, placenta and adrenal gland. 

Expression of murine TIP39 mRNA in mouse brain 

To evaluate the expression pattern of TIP39 mRNA, a 
DIG-labeled RNA probe was constructed and the distri- 
bution examined by in situ hybridization on cryosections 
from mouse brain (Fig. 3). A wide range of hybridization 
intensities was observed, with many positive neurons 
throughout all regions of the nervous system. In the 
cerebral cortex and subcortical areas, e.g. septal nuclei and 
caudate-putamen, many neurons were densely labeled 
whereas the glia cell-rich corpus callosum remained 
unstained. In the cerebellum, hybridization signals were 
found in Purkinje cells, and in cells of the molecular layer 
(probably basket and stellate cells), but were nearly absent 
in the neuron-rich granular cell layer. 
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Figure 1 Scheme of the human TIP39 gene transcription, translation and posttranslational modifications and comparison of the 
deduced TIP39 preprohormones of Homo sapiens and Mus musculus. (A) TIP39 gene; conserved sequences of the promoter 
region and the polyadenylation signal sequence are in gray boxes, exons are white boxed, untranslated regions and the intron are 
black boxed. (B) TIP39 mRNA; untranslated regions are black boxed. (C) TIP39 preprohormone; the hydrophobic signal peptide 
(SP) is gray boxed. (D) TIP39 prohormone; intercalated peptide (interc. pept.) is white boxed, TIP39 core region is gray boxed. 
(E) Finally processed TIP39 peptide. (F) Deduced TIP39 preprohormones of Homo sapiens and Mus musculus; identical aa are 
black boxed, the signal peptides are shown in italic letters, presumed cleavage sites are marked with an arrow. 



Comparison of PTH and TIP39 actions on the human PTH 
receptors 

We directly compared ligand binding of human TIP39 
and hPTH(l-34) to the human P2R and P1R in an intact 
cell radioligand assay as described above. In both P1R- 
transfected and P2R-transfected ceD lines, the peptides 
were able to displace the radioactive ligand (Fig. 4A and 
B). Non-specific binding was less than 20% of the total 



amount of tracer bound. Untransfected HEK 293 cells 
showed no specific binding of the radioligand (data not 
shown). hPTH(l-34) did bind to both human PTH 
receptor-transfected cell lines with similar affinities (P1R: 
IC 50 = 19nM; P2R: IC 50 =16nM). Binding affinity of 
TIP39 was moderate with P1R (IC 50 = 333 nM). It 
showed higher binding affinity to P2R (IC 50 =11 nM), 
comparable to the affinity of hPTH(l-34) for both 
receptors (Fig. 4A and B). 
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The activation of the cAMP signaling pathway of P1R 
and P2R was measured by standard RIA after incubation 
with increasing concentrations of hPTH(l-34) and 
TIP39. The P1R could only be activated by hPTH(l-34) 
(EC 50 = 0-21 nM), whereas TIP39 in concentrations of up 
to 1 uM showed no detected increase in accumulated 
intracellular cAMP (Fig. 4C). In P2R-transfected cells, 
the cAMP dose-response curve was shifted about 10-fold 
to the left with TIP39 as a ligand, compared to hPTH 
(1-34) (EC 50 =0-36 nM and 3-50 nM respectively). The 
maximal increase in cAMP accumulation was similar with 
both peptides (Fig. 4D). 

Additionally, the activation of the phospholipase C 
pathway was estimated by measuring ligand-induced IP 
hydrolysis. Incubation with 3 uM hPTH(l-34) caused a 
strong increase in intracellular total IP (about 10-fold) in 
PIR-transfected cells and a small increase (about 2-fold) 
in P2R-transfected cells. TIP39, however, was not able to 
elicit a response of the IP signaling pathway in either cell 
line (data not shown). 

To test the antagonistic activity of TIP39 on P1R 
direcdy, we exposed PIR-transfected cells to increasing 
amounts of TIP39 up to 10 uM in the presence of 
0-25 nM hPTH(l-34). TIP39 almost completely inhib- 
ited agonist-induced cAMP accumulation with an IC 50 
value of half-maximal inhibition of approximately 1 uM 
(Fig. 4E). 



Discussion 

TIP39 may exert its biological function via two different 
mechanisms, either by inhibiting the action of PTH 
and/or PTHrP on P1R, or by acting independently on 
P2R. We have shown in our homologous human cell 
model system that human TIP39 acts as a competitive 
antagonist to the biologically active part of hPTH 
(hPTH(l-34)) on the human P1R. Additionally, we 



showed for the first time that TIP39, unlike PTH on P1R, 
does not activate the IP signaling pathway in P1R or P2R. 
Our results are in accord with published results of similar 
model systems, often using heterologous systems with 
ligands, cells or receptors from other species, however 
(Hoare et al 1999, 2000, Jonsson et al 2001). It is thus 
conceivable that locally secreted TIP39 could inhibit the 
action of systemically circulating PTH, especially since the 
physiological levels of the bioactive part of this peptide are 
rather low in the circulation, in the range 0*5-3 pM (Gao 
et al 2001). This would be especially relevant for the 
classic target organs of PTH in calcium homeostasis, bone 
and kidney. However, there are no published data on 
whether TIP39 is expressed in these organs. We were able 
to show that TIP39 mRNA is indeed present in the 
kidney, when looked at by RT-PCR. Whether TIP39 
acts as a competitor of P1R or as an activator for P2R in 
these tissues is unclear at present. Some evidence comes 
from investigations with P2R, however. Although P2R 
mRNA was not detected by Northern blot in renal tissue 
(Usdin et al 1995), Usdin et al (2000) could show small 
numbers of cells near the vascular pole of kidney glomeruli 
to be P2R-positive by antibody staining and by in situ 
hybridization for P2R mRNA. These cells possibly belong 
to the juxtaglomerular apparatus, leading to speculations 
that their function might involve regulation of blood 
pressure as a target of a renin-releasing factor, which has 
been shown to be released from the hypothalamus and 
which is indistinguishable from TIP39 by size (Urban et al 
1992). We have no data yet on whether TIP39 is 
expressed in bone. It is also not clear at present whether 
P2R, as the other possible target besides the osteoblastic 
P1R, is present in bone, since no such study has been 
performed in this tissue so far. Attempts to detect P2R 
mRNA by RT-PCR in bone-derived cells have yielded 
equivocal results (Usdin et al 2000). 

Thyroid C-cells are another tissue linked to calcium 
metabolism where P2R was found to be expressed (Usdin 
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Figure 3 Distribution of TIP39 mRNA in coronal sections of mouse brains visualized by in situ hybridization. A broad range of 
hybridization intensities was observed, with many positive neurons throughout all regions of the central nervous system, (a) Overview of a 
mouse brain cryosection ( x 12-5). CCA, corpus callosum; CCi, cingulate cortex; Cpu, caudate-putamen; CFr, frontal cortex; DS, dorsal 
septal nucleus, (b) Inset of (a), showing cortical neurons in different layers stained with various intensity ( x 100). (c) Inset of (a), showing 
absence of TIP39 mRNA in glia cells of the corpus callosum ( x 100). (d) Overview of mouse cerebellum cryosection ( x 12-5). GL, 
granular cell layer; PL, Purkinje cell layer; ML, molecular layer, (e) Inset of (d), showing distinct staining of Purkinje cells and of cells in the 
molecular layer, whereas staining was largely absent in the granular cell layer ( x 1 00). (f) Cortical area corresponding to the area shown 
in (b) ( x 100). In situ hybridization was performed using a DIC-Iabeled TIP39 sense RNA probe as a negative control ( x 1 2-5). 



et al 1999a). C-cells were specifically labeled by a 
P2R-specific antibody whereas the surrounding majority 
of follicular thyroid cells were negative. Since C-cells also 
express the calcium sensing receptor and respond with 
secretion of bioactive peptides upon an increase in serum 
calcium, there might be a link of P2R to the regulation of 
calcium metabolism. We have no data yet, however, on 
whether TIP39 is involved in this process. 

As estimated by Northern blot, P2R is expressed at 
particularly high levels in brain. Unlike in peripheral 
tissue, TIP39 seems to be the single probable ligand of this 
receptor in brain, since investigators have failed to detect 
PTH mRNA in rat brain tissue (Usdin 1997), and since 
most regions of cerebral P2R expression would not be 
reached by PTH from the blood stream. The pattern of 
P2R distribution in the rat nervous system has been 
extensively studied recently (Wang et al 2000). It shows a 
widespread expression, most often in discrete groups of 
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neurons, with an especially high level of expression in 
hypothalamic, limbic and sensory areas. The pattern of 
distribution of TIP39 expression found in our studies 
seemed to differ significantly, with TIP39 showing a 
distinct distribution pattern, which was, however, also 
widespread within various cerebral regions. A more 
detailed study is, therefore, needed to locate TIP39 
expression in comparison to the P2R expression pattern. 

We could detect TIP39 mRNA in human spinal cord. 
The rat P2R was shown to be expressed there, too, 
localized to the superficial dorsal horn, spinal trigeminal 
tract and nucleus. Because these areas receive their prin- 
cipal input from sensory neurons involved in pain percep- 
tion (Usdin et al 19996), this colocalization might hint at 
a possible TIP39/P2R interaction modulating nociceptive 
function. 

An analysis of the deduced aa sequence of the TIP39 
preprohormones of man and mouse clearly shows the 
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Figure 4 (A, B) Radioreceptor assays. HEK 293 cells stably 
expressing P1R (A) or P2R (B) were exposed to varying amounts 
of human TIP39 (•) or hPTH(1-34) (O) to displace the 
radiolabeled ligand. (C, D) Activation of the cAMP signaling 
pathway. Ligand-induced accumulation of intracellular cAMP in 
HEK 293 cells stably expressing P1R (C) or P2R (D). Cells were 
exposed to varying amounts of human TIP39 (•) or hPTH(1~34) 
(O). (E) Competition of TIP39. Ligand-induced accumulation of 
intracellular cAMP in HEK 293 cells stably expressing P1R was 
measured with varying amounts of human TIP39 in the presence 
of 0 25 nM hPTH(l-34). The x-axis shows the log of the ligand 
concentration. Data are the means of triplicate 
determinations ± s.D. 



features of secreted neuropeptides with a characteristic 
signal peptide for the secretory pathway and a dibasic 
cleavage site for subtilisin-like endoproteases to process the 
prohormone (Hosaka et al. 1991). 

The overall structural features of the preprohormones of 
TIP39, PTH and PTHrP - signal peptide, intercalated 
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peptide and hormone - are identical. However, the 
intercalated peptide of TIP39 comprises 31 aa, and is 
much longer than the predicted intercalated peptides of 
PTH and PTHrP (8 aa). The overall aa sequence similarity 
between these three ligands is very low, whereas the 
tertiary structure of the portion interacting with P1R 
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seems similar (Piserchio et al. 2000). PTH, PTHrP and 
TIP39 thus seem to have only a distant phylogenetic 
relationship. 

The N-terminal alpha helix of TIP39, which seems to 
be responsible for P2R activation, is identical in man and 
mouse, whereas the C-terminal alpha helix, which is 
important for receptor binding (Piserchio et al. 2000), 
differs in four aa positions, being apparently responsible for 
the different binding properties of murine and human 
TIP39 (Goold et al 2001). 

There is no experimental evidence yet that the pre- 
dicted dibasic cleavage site found between the two alpha 
helices is functional. One might speculate that it is 
involved in the degradation and/ or inactivation of TIP39, 
or that the possible cleavage products have bioactivity on 
their own. While it seems certain that TIP39 is in fact a 
secreted peptide, it is entirely unknown whether detect- 
able amounts of TIP39 can be found in plasma and 
whether therefore this peptide could act systemically. 

In conclusion, we could show that in the human 
organism TIP39 is expressed in various tissues and might 
function as a potent activator of P2R (e.g. in brain) as well 
as an antagonist of the action of PTH and/or PTHrP on 
P1R (e.g. in bone and kidney). The physiological role of 
TIP39 in calcium metabolism with regard to these actions, 
e.g. as a locally secreted ligand modulating the function of 
the PTH receptor family, remains to be detennined, 
however. The tools developed in this work will allow 
further investigation of the function of this new ligand of 
the PTH receptor family. 
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Although the PTH type 2 receptor (PTH2R) has heen isolated 
from mammals and zebrafish, only its mammalian agonist, 
tuberoinfundibular peptide 39 (TIP39), has been character- 
ized thus far. To determine whether zebrafish TIP39 (zTIP39) 
functions similarly with the zebrafish PTHR (zPTH2R) and 
human PTH2Rs and to determine its tissue-specific expres- 
sion, fugu (Takifugu rubripes) and zebrafish (Danio rerio) 
genomic databases were screened with human TIP39 (hTIP39) 
sequences. A single TIP39 gene was identified for each fish 
species, which showed significant homology to mammalian 
TIP39. Using standard molecular techniques, we isolated 
cDNA sequences encoding zTIP39. The fugu TIP39 precursor 
was encoded by a gene comprising at least three exons. It 
contained a hydrophobic signal sequence and a predicted pro- 
sequence with a dibasic cleavage site, similar to that found in 



mammalian TIP39 ligands. Phylogenetic analyses suggested 
that TIP39 forms the basal group from which PTH and PTHrP 
have been derived. Functionally, subtle differences in potency 
could be discerned between hTIP39 and zTIP39. The human 
PTH2R and zPTH2R were stimulated slightly better by both 
hTIP39 and zTIP39, whereas zTIP39 had a higher potency at 
a previously isolated zPTH2R splice variant. Whole-mount in 
situ hybridization of zebrafish revealed strong zTIP39 expres- 
sion in the region of the hypothalamus and in the heart of 24- 
and 48-h-old embryos. Similarly, zPTH2R expression was 
highly expressed throughout the brain of 48- and 72-h-old 
embryos. Because the mammalian PTH2R was also most abun- 
dantly expressed in these tissues, the TIP39-PTH2R system 
may serve conserved physiological roles in mammals and 
fishes. (Endocrinology 145: 5294-5304, 2004) 



IN MAMMALS, PTH is the major regulator of calcium- 
phosphate homeostasis (1), whereas PTHrP serves mul- 
tiple roles, including a regulatory role in chondrocyte dif- 
ferentiation and proliferation, breast development, tooth 
eruption, and cardiac development (2, 3). Recently mamma- 
lian tuberoinfundibular peptide 39 (TIP39), a peptide dis- 
tantly related to PTH and PTHrP, was purified from bovine 
brain (4). Subsequently cDNAs encoding mouse and human 
TIP39 were isolated from brain mRNAs (4-6). Although 
PTH has the capability of stimulating the human PTH type 
2 receptor (PTH2R) expressed in vitro in HEK293 or COS-7 
cells (7, 8), it has limited ability to stimulate cAMP accumu- 
lation in cells expressing PTH2Rs from other species, includ- 
ing zebrafish (9, 10). In contrast, all known PTH2Rs are 
activated with high efficiency and efficacy by human TIP39 
(hTIP39), indicating that this peptide is the primary ligand 
for PTH2Rs, including the zebrafish PTH2R (zPTH2R) (11). 
Studies of mammalian TIP39 indicate that the PTH2R- 



Abbreviations: AUAP, Abridged universal amplification primer; BS/ 
JK, bootstrap /jackknife; CNS, central nervous system; DIG, digoxigenin; 
fTIP39, fugu TIP39; GIP, gastrointestinal-inhibitory peptide; hpf, hours 
post fertilization; hPTH2R, human PTH2R; hTIP39, human TIP39; nPCR, 
nested PCR; PTH2R, PTH type 2 receptor; RACE, rapid amplification of 
cDNA ends; shh, sonic hedgehog; 1TP39, tuberoinfundibular peptide 39; 
zPTH2R, zebrafish PTHR; zTIP39, zebrafish TIP39; zTIP39 SV, zTTP39 
putative splice variant. 
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TIP39 endocrine system is likely to have physiological roles 
that are distinct from those of PTH and PTHrP (12-14). In- 
deed, it has been hypothesized that the TIP39-PTH2R system 
may have physiological roles in the regulation of GH secre- 
tion (4, 15), pain perception (16), release of hypothalamic 
hormones (4, 12, 17), regulation of anxiety and depression 
(18), or cardiovascular and renal hemodynamics (13, 14, 19). 
Little is known about the biological function of TIP39 and its 
receptor in fishes. However, studies in nonmammalian ver- 
tebrates may help gain insights into its roles in mammals. 

Human TIP39-PTH chimeras are potent antagonists at the 
human PTH1R (20), indicating that both peptides assume 
similar secondary structures. Furthermore, some human 
TIP39 analogs were shown to be potent antagonists at the 
human PTH1R (11). Study of nonmammalian TIP39 may 
further enhance development of potent agonists and antag- 
onists at the PTH1R and PTH2R, and it is possible that such 
analogs may aid in improving treatments for diseases such 
as osteoporosis, hyperparathyroidism, and humoral hyper- 
calcemia of malignancy. 

Presently information regarding the potential role(s) of 
TIP39 and PTH2R during embryonic development are lack- 
ing, in part, due to difficulty of studying in utero develop- 
ment in mammals. In contrast, zebrafish transparency allows 
for monitoring of early development, thus allowing more 
readily than is possible in mammals studies to explore the 
biological roles of the TIP39-PTH2R system. Developmental 
studies in basal vertebrates, such as teleosts, may thus yield 
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insights that are not readily apparent in the more derived 
mammals. To facilitate such studies, we identified genomic 
DNA sequences encoding TIP39 from two phylogenetically 
distant teleost fishes, the zebrafish (Danio rerio) and the puf f- 
erfish (Takifugu rubripes) and then isolated a full-length 
cDNA and a presumed splice variant, which both encode 
zebrafish TIP39 (zTIP39). We furthermore defined the pu- 
tative organization of the fugu TIP39 (fTIP39) gene; used 
synthetic zTIP39 to stimulate cAMP accumulation in COS-7 
cells expressing the zPTH2R and its human homolog, 
hPTH2R; and determined the tissue-specific expression of 
both zTIP39 and zPTH2R by performing whole-mount in situ 
hybridization on zebrafish embryos. The use of two distantly 
related fishes not only allowed for a more robust statement 
on the conservation of TIP39 in fishes but also provided the 
necessary sequences with which to determine the phyloge- 
netic relationship among the known members of the PTH- 
PTHrP-TH°39 family of ligands. 

Materials and Methods 

Identification of putative fTIP39 and zTIP39 transcripts 

hTIP39 cDNA (5) was used as a probe to search the T. rubripes genome 
databases (http://www.fugu.hgmp.mrc.ac.uk/ blast/ ,http:// 134. 174.23. 
160/compGenomics/) for homologous sequences. A single genomic 
DNA sequence encoding fTlP39 (T004305 ScaffokL4305) was identified 
and translated (http://searchlauncher.bcm.tmc.edu/seq-util/seq-util. 
html). The deduced amino acid sequence showed similarity to hTTP39. 
Subsequently this sequence was used as a probe to further screen the 
zebrafish (D. rerio) genomic databases (http://www.sanger.ac.uk/ 
Projects /d_rerio/; http://134.174.23.160/compGenomics/). Two genomic 
sequences (zfishB-a2455h01.plc / zfishl-a211c03.qlc) were identified, 
which showed significant sequence identity to the genomic DNA se- 
quence encoded by fTIP39. Further searches were performed using the 
fugu Scaffold_4305 of the Sanger zebrafish genome database (http:// 
pre.ensembl.org/Danio_erio/) to identify sequences (ctg9592.2 and 
z06s017096) that contained a zTTP39-like gene. Gene-specific primers for 
zTTP39 were designed for RT-PCR and 5' and 3' rapid amplification of 
cDNA ends (RACE) reactions. 

RNA isolation, RT-PCR, RACE, and DNA sequencing 

Total zebrafish RNA was obtained using the microRNA isolation kit 
(Promega, Madison, WI) as previously described (9, 21). To identify the 
5 'end of the cDNA encoding z1TP39, approximately 1 /ug of Dnase- 
treated total RNA from zebrafish was reverse transcribed using Om- 
niscript II reverse transcriptase (Qiagen, Hilden, Germany) and a gene- 
specific reverse primer zTEP3ut#l (5'TTTTCCCTATACCATACiTTATA). 
One tenth of the RT-PCR product was used for an initial PCR consisting of 
reverse zHP3ut#2 (5'TTACAATTACTTTGAATTAACTAC), forward 
zTIP5ut#2 (5'GAGTGTTAGAGAGAAACTCTG), and Platinum Taq DNA 
polymerase (Invitrogen, Carlsbad, CA), with the following reaction profile: 
initial denaturation at 94 C for 3 min and 35 cycles with denaturation at 94 
C for 1 min, annealing at 54 C for 1 min, polymerization at 72 C for 2 min, 
and final extension at 72 C for 10 min. A nested PCR (nPCR) using 2 /xl of 
the initial PCR product was performed using reverse zTIP3ut#2 (5'TTA- 
CAATTACTTTGAATTAACTAC) and forward zTIP5ut#3 (5'CATGGAC- 
GATTTGCGAATTAG) following the same reaction profile. The 5' RACE 
amplicons were electrophoresed through a 2% agarose gel containing 
ethidium bromide, purified, ligated to pGEM-Teasy (Promega), and named 
zTIP39-5RACE/pGEMT (21) and used to transform Escherichia coli TOP10 
cells (Invitrogen). Bacterial colonies were screened by PCR using gene- 
specific primers. Plasmids containing zTIP39 DNAs were purified using 
Concert miniprep (Life Technologies, Grand Island, NY) and sequenced 
according to the manufacturer's protocols (ABI, PerkinElmer Corp., Foster 
City, CA). 

To identify the 3'end of the cDNA encoding zTTP39, total RNA was 
converted into cDNA using superscript II reverse transcriptase and an 
oUgo-dTTP adapter-anchor primer (5'GGCCACGCGTCGACTAG- 



TACTTTTTTTTTTTTTTTTT) containing unique restriction endonucle- 
ase sequences (Invitrogen). cDNA amplicons were amplified by PCR 
using forward zTIP5ut#2 and an adapter primer [abridged universal 
amplification primer (AUAP), 5'GGCCACGCGTCGACTAGTAC] by 
following the same PCR profile described above except for an annealing 
temperature of 56 C for 1 min for 35 cycles. This reaction was followed 
by a nested amplification using forward zTEP5UT#3 and the AUAP 
adapter primer at an annealing temperature of 58 C for 40 cycles. Five 
microliters of the nPCR product was reamplif ied in a second nPCR using 
the above profile with the AUAP adapter primer and forward zHPM 
(5'CGTGATTGGAGCATTCAGATG). The 3'-RACE cDNAs for zTIP39 
were isolated, subcloned into pGEM-Teasy and named zTIP39-3RACE/ 
pGEMT, screened, and sequenced as described above. The translated 
zTIP39 cDNA sequence yielded an orthologous 1TP39 peptide. 

Kyte-Doolittle hydrophobicity plots for zTIP39 and fnP39 amino 
acid sequences were generated (http://bioinformatics.weizmann.ac.il/ 
hydroph/ cmp_hydph.html; http: //us.expasy .org/cgi-bin/protscale.pl). 
Putative cleavage sites within the TTP39 precursors were predicted using 
SignalP V2.0b2 of the Center for Biological Sequence Analysis, BioCen- 
trum-DTU, Technical University of Denmark (http://www.cbs.dtu.dk/ 
services/SignalP-2.0/) (5). DNA sequence analyses and comparisons were 
performed using blast, translation, and alignment algorithms (http:// 
www.ncbi.nlm.ruh.gov/BLAST/, http://www.searchlauncher.bcm.tmc. 
edu /seq-utu.html). 

Determination of putative intron/exon boundaries 

The intron/exon structure of the fTIP39 gene was determined using 
Grail Experimental Gene Discovery Suite (Baylor College of Medicine 
Human Genome Sequencing Center, http://www.searchlauncher.bc- 
m.tmc.edu/seq-search/gene-search.html) to search for putative introns, 
and the Splice Site Prediction by Neural Networks (Berkeley Drosophila 
Genome Project, http://www.fruitfly.org/seq_tools/spiice.html) to 
predict the locations of RNA splice sites. 

Peptide synthesis 

The peptides, zTIP(l-39) and hTH°(l-39) (5), were synthesized at the 
Biopolymers Core Facility at Massachusetts General Hospital (Boston, 
MA) by a solid-phase method on a PerkinElmer model 430A and 431A 
synthesizer. All peptides were purified to homogeneity by reversed- 
phase chromatography, and amino acid sequences were confirmed by 
analysis of amino acid composition and amino acid sequence and mass 
spectroscopy. 

cAMP accumulation assays 

COS-7 cells were transiently transfected with cDNAs encoding 
hPTH2R, zPTH2R, or zPTH2R #43-9 splice variant (zPTH2R SV) using 
Effectene reagent (Qiagen, Valencia, CA). After 72 h, cells were treated 
with 0-10" 6 m of either zTIP39 or h1TP39 in HEPES-buffered DMEM 
(pH 7.4) containing 2 mM isobutyl methylxanthine and 0.1% BSA for 60 
min at room temperature. After rinsing, intracellular cAMP accumula- 
tion was measured by RIA as previously described (9, 22). The number 
of wells for each data point in each experiment was two (six total for all 
experiments). Thus, the data presented are the mean ± sd of three 
combined experiments (as are the results shown in Table 2). The algo- 
rithm for curve fitting was a sigmoidal dose-response, and the analysis 
program used was GraphPad Prism (GraphPad, San Diego, CA). 

Zebrafish whole-mount in situ hybridization 

TTP39 antisense RNA probe was produced by linearizing zTIP39- 
5'RACE/pGEMT with Mfel and then transcribing the cDNA using the 
digoxigenin (DIG) RNA labeling kit following the manufacturer's in- 
structions (Roche Applied Science, Indianapolis, IN). The zTIP39 probe 
was used for whole-mount in situ hybridization on 24 and 48 h post 
fertilization (hpf) zebrafish embryos as described (23). A similar protocol 
was used to generate antisense zebrafish sonic hedgehog {shh) RNA for 
in situ hybridization on 48-hpf zebrafish embryos. After obtaining elec- 
tronic images of the zTIP39 in situ hybridization whole-mount embryos, 
the embryos were embedded and sectioned at 10 /am to determine the 
tissue-specific expression. 
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zPTH2R antisense RNA probe was produced by linearizing zPTH2R/ 
pcrBlunt (#43-9) (9) with BamHl and then transcribing the cDNA using 
the DIG RNA labeling kit as described above. The zPTH2R probe was 
used for whole-mount in situ hybridization on 48 and 72 hpf zebrafish 
embryos following the methods described by Jowett (24) and Nusslein- 
Volhard and Dahm (25). The following reagents were used to reduce 
background: 150 mM malic acid in a 2% blocking reagent (Roche Applied 
Science) (24), 2 mM l-phenyl-2-thiourea at 24-hpf (25, 26), and 1 mM 
levamisole added to the staining buffer (26). Following in situ hybrid- 
ization, electronic images were taken on a Retiga (Burnaby, British 
Columbia, Canada) 1300 cooled CCD camera mounted on an SZX12 
stereomicroscope (Olympus, Tokyo, Japan) using QCapture software on 
a G4 Power Mac (http://www.Qimaging.com). 

Sequence alignment and phylogenetic analyses 

To examine the relationships between TIP39 and the family of PTH 
and PTHrP ligands, phylogenetic analyses were performed using all 
currently available species of these three peptides as previously de- 
scribed (5, 27). With the exception of equine PTH and bovine TIP39 for 
which precursor sequences were not available, complete amino acid 
sequences, which included the full-length prepro peptides, were used 
for alignment by T-Coffee and Dialign algorithms (28-30). T-Cof fee and 
Dialign algorithms were used because they allow for a more accurate 
alignment, compared with ClustalW for sequences with less than 30% 
identity (28-30). The aligned amino acid sequences were subsequently 
entered into MacClade 4.0 (31) with manual adjustments as described 
(32) and analyzed using distance as the criteria by Neighbor-Joining and 
heuristic algorithms with PAUP version 4.0bl0 (33). For each analysis, 
10,000 bootstrap and jackknife replicates were performed in which the 
human gastrointestinal-inhibitory peptide (GIP) was used as the out- 
group, whereas secretin (human, pig, and mouse) and all known ho- 
mologs of PTH, PTHrP, and TIP39 formed the ingroups. 

Results 

Identification of clones encoding zTIP39 and fTIP39 

The cDNA sequence encoding hTIP39 was used as a probe 
to search fugu genome databases for similar sequences. A 



single gDNA sequence (T004305 Scaffold_4305) was identi- 
fied which showed significant homology to exon 2 of the 
mammalian TIP39 gene and was therefore considered to 
represent a putative fTIP39 exon 2 (5, 6, 16). The fTBP39 exon 
2 sequence was predicted to encode the prosequence and the 
mature secreted fTIP(l-39) (Figs. 1 and 2). Although a com- 
parison between the teleost and mammalian signal peptide 
and leader sequences could not be performed due to a lack 
of sequence conservation, sequences beginning at the con- 
served Trp~ u through the Ser H38 or Ala + ^ 8 residues showed, 
in comparison with hTIP39, an amino acid identity of 48% 
(24/49) and a similarity of 78% (39/49) (Figs. 1 and 2, and 
Table 1). 

The fTIP39 gene structure was initially determined using 
Grail Experimental Gene Discovery Suite to search for pu- 
tative introns, and the Splice Site Prediction program (Neural 
Networks) was used to predict the locations of RNA splice 
sites. Based on these analyses, the fTIP39 gene was predicted 
to have three exons (a presumed 5 '-untranslated exon, and 
the coding exons 1 and 2), which would be similar to the 
organization of the murine and the human TIP39 genes (5, 6, 
16) (Figs. 1 and 2). Differences between fTIP39 and mam- 
malian TIP39 genes were restricted to the size of the introns 
and the length of the presumed fTIP39 exon 1 (Fig. 2). Once 
it was determined that fTIP39 and hTIP39 genes were ho- 
mologous, genomic DNA encoding fTIP39 was used as a 
probe to tblastn search zebrafish genome databases for ho- 
mologous sequences. 

Two zebrafish genomic DNA sequences (zfishB- 
a2455h01.plc, zfishl-a211c03.qlc) were identified, which 
showed 81% nucleotide sequence identity (100 of 122 nucle- 
otides were identical despite two gaps encoding the peptide 



Fig. 1. Nucleotide sequence of the 
fTIP39 gene. The putative mature 
mRNA encoding fTIP39 was deduced 
from zTIP39 cDNA sequences. Exonic 
regions are capitalized, nucleotides in 
flanking intervening DNA sequences 
are lowercased. The initiator ATG, with 
an upstream in-frame stop codon (tag), 
is shown in bold and represents the pu- 
tative initial methionine and thus the 
start of the signal peptide. The splice 
donor and acceptor sites, with an inter- 
vening vertical bar (|), are bold. The 
stop codon has an * below its corre- 
sponding nucleotide sequence, and the 
polyadenylation sequence is shown in 
underlined lowercase letters. Residues 
found in the putative preproprotein of 
fTIP39 are capitalized and indicated 
below their corresponding nucleotide 
sequence. Based on the cDNA sequence 
encoding zTIP39, the first residue of 
the translated mature TIP39 sequence 
is designated as +1 (N). 



tgcagattagaagaatacaagttcctcaaaacactccagtccaggctatatatatttatgtgagctagaaa 
aaaaatgctacacatagcagtgggaatgcaaagcagcaggagcagaaaggctttcccactgttttgactag 
actggagaggcaccagagcaactggccgtacaacatcgtgttgggggttatactggagcattgctgctgct 

presumed exon 5'UTRlintron 
gctggaggacctcacctttaacctctctactacgatttacgactcaaatgaaacacaglgtgagaaatcca 
caaaccgttttctaaatgaatccaagaaacaacaatgcaattagttttataaaagactttaaaaaaaactfcc 
tcaatctggcaataaaaaatggtttcacatatattcttgtaattattctatgtcaacatatacatatgcagc 
atttaaatttggtgcctatcaaatgaaagttaatggataaactactggtggcgctctgcaaactgggacttt 
acatagttttcattgtaaaacacagaggcttttagtcatgttaaagatgaactgttctaaagaaagcaactt 
ttccattttatcagaatgtgcaaactgactgctttccatcaagtctcactcctgfctactttgcatcc 

intron exon 1 

tggatatgactttgatgacatctggtctccctcgactgtctcacag gtgctcactcactcatttaatcct 
tcatttctatggcactttgaaaatgagcatataaaggatttaaactatgcaatctgagatttggagctgtg 
ttttctgctaaatgcttgcatgattcacctagaagtttagtttA^^ 

MSFSKSSDD 

CC^CAGCTGCOUUC^GAC^ 

ATAA'KQDNWDVFF P3LFLHNWKIQ 
ACUUVTGTCAGCGCCC&CCCTT{3AAGCAGCG 
TMSAPTLEAAASNKRGLVQQGWLF 

exon 1 intron 

TGGACCCCAAAGGATGGAGACAAG gtaaccccatattagtgatgtttttgtttttcatgtgcaatattta 

G P Q R H E T 
caatttttctcatgtcaaatgataaaaataagtgctaacgcagtgtctctggtgtgtagaatcttacttat 

intron exon 2 
ttg 1 1 ttt tcctag I CrrGGACGGAGTGTTGCCTCAra 

SLDG VL PQEW A SQSGGMVK 

+ 1 

GGAACOTGGTAATC^CTGACGATGCTGCCTTC^GA 

RNMVMAD DAAFR EKS KMLTSMERQ 
AAATGGCTGAACTCCTACATGC^GAAACTTC^ 

KWLNSYMQKLLVVNSA* 
cagagagaagaatatatcaatatacatgtaaaattccttaatgtacaaaaacatcatctcaaatttgttaaa 
ttgtgatttaacttgttgatttaaajaMaaa 



Downloaded from endo.endojournals.org on July 17, 2005 



Papasani et al • Zebrafish and Fugu TIP39 



Endocrinology, November 2004, 145(1 1):5294-5304 5297 



humanTIP39 gene 



Exon U1 



Met -61 

-y^S 

99 bp 



•19 



•18 



1+1 



Exon 1 



Met -84 



fugu TIP39 gene 



569 bp 



•21 







Exon 2 




i+i 





41 3 bp 



Exon U1 



Exonl 



131 bp 



Exon 2 



Fig. 2. Comparison of the structures for the human and fTIP39 genes. Boxed areas represent exons, and their names are shown underneath. 
The box representing exon Ul is open on the left side because the 5' end of this exon is currently unknown. White boxes denote presequences, 
black boxes denote the putative prosequences, stippled boxes denote the mature sequences, and noncoding regions are shown as striped boxes. 
The small striped box preceding the white boxes denote presumed untranslated exonic sequences. The positions of the initiator methionine based 
on the secreted peptide and the positions at which prosequences are interrupted by an intron are noted above the graphs. Intron sizes are noted 
below the //; and + 1 denotes the relative position of the beginning of the secreted peptide. 



TABLE 1. TIP39 nucleotide and amino acid sequence comparisons 





Exon Ul° 


Exon l a 


Exon 2° 


Total cDNA° 


PreproTIP39 6 


TIP(1-39) C 


hTIP39 


67 


69 


63 


63 


79/84 


89/94 


fTIP39 


NSS d 


NSS d 


36 


37 


NSS d 


51/92 


zTIP39 


NSS d 


NSS* e 


32 


33 


NSS d 


57/93 



Comparison of the three exons encoding murine TIP39 (AC073763) with the corresponding nucleotide and amino acid sequences encoding 
human (h, AC068670), fugu (f, T004305 Scaffold_4305), and zebrafish (z, contig ctg9592.2) TIP39. Protein comparisons were performed using 
the PAM250 algorithm with gap penalties existence = 13, and extension = 2; Nucleotide comparisons were performed using blastn matrix and 
gap penalties existence = 1, and extension = 0 (http://www.ncbi.nlm.nih.gov/blast/bl2seq/bl2.html). 

° Percent identity of nucleotides. 

b Amino acid (AA) percent identity/percent similarity for the prepro sequence alone. 
c AA percent identity/percent similarity for the secreted peptide. 
d NSS, No significant similarity. 

e Exon deduced by comparing fTIP39 genomic sequence to zTIP39 cDNA. 

catggacgatttgcgaattagcttggagtaaaacgtgagtgattggatttttgagtccacacactggaaacaaag 75 
aqcttcatccacqcaacacacaqtcaaqaqqaaqaactactctgctaaq ATOG^ ISO 

MALSLPPRP 
T ( ?CCCTGTTGCTCrc^^^ 225 

ALLFLVLMSVTLMASAFPQP Q LRPL 
GCAAAGTAACTTGCCTOC^TT^ 300 

QSNLPAIGQEDSKGEQWEVVYPSIS 
GCTCCGTGATTGGAGCATTCAGATGCTGACCGCCCCTGATTTTOGTC^ 3 75 

L R D W S IQMLTAPDFGAAKTGRBQLV 
GGCAGATGATTGGCTCCCGCTCAGCCAATCACAGATC^ 450 

ADDWLPLSQSQM EE ELVKGWTGD WP 
TTCACGGGTGGGTCACCAGCAGAAGAGAAACATAGTGGTGGCAGAT^ 525 

SRVGHQQKRNIVVADDAAFRSKSKL 
GTTGACAGCAATGGAGAGACAAAAATGGCTCAACTCCTATATGCAGM t 600 

LTAMERQKWLNSYMQKIiL VVKSK* 
gtaatctttatgtaattgtataaatatatataaagtatgtatagggaaaaatgcattttgtgtgggagaaaaaca 675 
aqaatbtactcattacttcatqaqtaaacaattaaaqqqqtaqqbcaactqa qaattaa aattctqtcattqaat 750 
tctaaaaaaaaaaaaaaaaaaaa ~ 773 

Fig. 3. Zebrafish cDNA and encoded TIP39 sequence. The amino acid sequence of the zTIP39 preprosequence is indicated below the corre- 
sponding nucleotide sequence. The putative secreted peptide is in bold. Nucleotides found in the putative preproTIP39 sequence are capitalized, 
nucleotides in the flanking 5' and 3' untranslated regions are lowercased. The ATG in bold represents the putative initial methionine and start 
of the signal peptide (accession no. AY306196), whereas the boxed ATG represents the putative initial methionine of a splice variant lacking 
nucleotides 125-187 (underlined, accession no. AY307076). The first residue of the translated mature zTIP(l-39) sequence tested in expression 
studies is N, the stop codon has an * below its corresponding nucleotide sequence, and the putative signal for polyadenylation is underlined. 



sequence Val" 3 through Ser +38 ) to the putative fTIP39 exon 
2 sequence (Fig. 1). Further tblastn analyses were performed 
ontheSangerzebrafishgenomedatabase(http://pre.ensembL 
org/Danio_rerio/) identifying contig genomic DNA sequences 
(ctg9592.2 and z06s017096) containing a zTIP39-like gene 
with homology to fTIP39 and mammalian TIP39 (5, 6, 16). 
The presumed zTIP39 gene, although having a complete 
exon 2 and a 5' untranslated region sequence with limited 
homology to the 5' untranslated region of the fTIP39 gene 
(Figs. 1 and 2), did not appear to have an exon 1 sequence 
encoding a putative signal peptide. To determine whether 



the TIP39-like zebrafish gene is expressed and to confirm the 
predicted intron-exon structure, zTIP39-specific primers for 
zTIP39 were designed for amplification by RT-PCR. 

Teleost cDNAs encoding TIP39 and further definition of the 
gene structure 

RT-PCR on total zebrafish RNA using zTTP39-specific prim- 
ers amplified a 505-bp cDNA fragment, which corresponded to 
a 301-bp sequence of the presumptive rTlF39 exon 2 (T004305 
Scaffold_4305, Fig. 1). Subsequently, replicated and indepen- 
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dent 5'-RACE and 3 '-RACE reactions were performed to gen- 
erate overlapping sequences, leading to the isolation of a cDNA 
clone encoding a full-length zTIP39 (773 bp, Fig. 3). The 3'- 
RACE nPCR amplified nucleotides 305-773 (Fig. 3), including 
the 3'-noncoding regions of zTEP39 containing an imperfect 
polyadenylation signal, which was 19 bases upstream of the 
poly(A) n tail and 130 bases downstream of the termination 
codon in comparison with 116 bases downstream of the ter- 



mination codon for the fnP39 sequence (Figs. 1 and 3). Several 
independent 5 '-RACE nPCR using a 3'-reverse primer at the 
zTIP39 stop codon (nucleotide 580-604, Fig. 3) and a forward 
primer (nucleotides 1-21, Fig. 3) generated two PCR products, 
a 5'-RACE#14 (nucleotides 1-604) and the putative splice vari- 
ant 5'-RACE#02 (zTIP39 SV) encoded by nucleotides (1-124)- 
(188-604) (approximately 14% of all 5'-RACE products). Both 
cDNAs contained imperfect Kozak sequences (ACCAUGG) 



Fig. 4. Alignment of TIP39 amino acid sequences 
from zebrafish, fugu, human, and mouse. T-Coffee and 
Dialign algorithms were used to align all available 
TIP39 sequences. Only uppercase letters are consid- 
ered to be aligned (29). Presumed cleavage sites at 
amino acid residues -91 and -1 are indicated with 
arrows The underlined bold M in zebrafish (po- 
sition -97) is the putative initial methionine of the 
splice variant (zTIP39 SV). The thick black bar depicts 
the secreted 39 amino acid polypeptide with the first 
residue denoted as +1 (bold N or S); the lengths of each 
prepro amino acid sequence are displayed after the 
39th residue of the secreted peptide. *, Identical res- 
idues; :, conservative substitutions. 
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Fig. 5. A, Kyte/Doolittle hydropathy plots of residues corresponding to -13 through +39 of fTIP39(0) and murine TIP39(A). B, Kyte/Doolittle 
hydropathy plots of residues corresponding to full-length sequences of fTIP39 (123 residues; O) and zebrafish TIP39 (157 residues; •). The 
relative position of the first residue of the putative secreted 39-amino acid polypeptide is denoted as +1. The ordinate indicates hydrophobicity, 
with more positive values corresponding to increased hydrophobicity (5). B, fTIP39 begins at a relative start of residue 34 (on the abscissa), 
compared with zTIP39. 
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and differed in the lengths of their putative precursor sequences 
by 21 amino acid residues (nucleotides 125-187 encoding the 
signal peptide and mature peptide, Fig. 3) (6). 

The results of these experiments suggested that there 
could be alternately expressed prepro-zTIP39 sequences, 
which are initiated at the third Met instead of the first Met 
and thus lack 63 nucleotides within the region encoding the 
poorly conserved signal peptide (Fig 3). Although the pu- 
tative splice variant is not missing any amino acids of the 
secreted peptide, we have not been able to identify typical 
splice donor and acceptor sites, which one would expect if 
this were a true splice variant, and it is thus conceivable that 
the putative splice variant is an artifact. The zTIP39 SV cDNA 
(accession no. AY307076) was 21 codons shorter than the 
full-length zTIP39 (accession no. AY306196), resulting in a 
putative precursor sequence of 97 amino acid residues in- 
stead of the 118 amino acid residues (Figs. 3 and 4). The 
putative secreted teleost TIP(l-39) peptides showed approx- 
imately 57% sequence identity with the mammalian TIP39 
homologs, whereas the overall sequence similarity of the 
N-terminal precursor sequences showed little homology (Ta- 
ble 1). Although it appears that teleosts have maintained the 
inclusion of a mature peptide in the precursor sequence 
(amino acid residues -91 through -1, Fig. 4), the mature 



peptide is poorly conserved, as is the signal peptide (amino 
acid residues -92 through -121). In addition, the mature 
peptide is much longer in teleosts (fTIP39: 72 amino acid 
residues; zTIP39: 91 amino acid residues) than the compa- 
rable sequence observed in mammals (human and murine 
TIP39: 31 amino acid residues) (6) (Table 1 and Fig. 4). Due 
to the lack of sequence conservation in the putative precursor 
(Fig. 4), compared with the presumed coding region of 
fTIP39 (123 amino acid residues) (Fig. 1), the zTIP39 SV of 136 
amino acid residues showed a slightly higher nucleotide 
identity (49%), compared with the full-length zTIP39 of 157 
amino acid residues (46%). In contrast, the zTIP(l-39) 
showed an 81% nucleotide sequence identity and 99% amino 
acid sequence similarity with the presumed fTTP(l-39) (Figs. 
3 and 4, respectively). 

The similarity among the coding regions for the mouse and 
fugu (Fig. 5A) and the two teleost (zebrafish and fugu) TIP39 
sequences (Fig. 5B) is shown graphically in a hydrophobicity 
plot. Because of the size differences between the mouse and 
teleost TIP39 sequences, as well as a lack of conservation of 
the prepro sequence (Table 1), fTIP39 (amino acid residues 
-13 to +39) was aligned with amino acid residues -13 
through +39 of mTIP39 (Fig. 5 A), whereas the full length of 
fTIP39 (123 amino acid residues) was aligned with the full- 



175- 



Fig. 6. cAMP accumulation induced by hTIP(l-39) and 
zTIP(l-39). COS-7 cells transiently expressing hPTH2R 
(A), zPTH2R (B), or zPTH2R SV (C) were evaluated for 
agonist-stimulated cAMP production (■, hTIP(l-39); □, 
zTIP(l-39). Data are expressed as cAMP accumulation in 
picomoles/well and are shown as the mean ± SD of three 
independent transfections; EC 50 s were based on the data 
from three independent transfections. 
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TABLE 2. Activation of COS-7 cells transiently expressing PTH2R by human and zebrafish TIP(l-39) 



Ligand 




hPTH2R 




zPTH2R 




zPTH2R (SV) 


EC 50 (nM) 


E max (pmol/well) 


EC 50 (nM) 


Emax (pmol/well) 


EC 60 (nM) 


E max (pmol/well) 


hTIP(l-39) 


0.11 ± 0.04 


134 ± 14 


4.2 ± 0.3 


31.1 ± 0.3 


3.8 ± 0.7 


159 ± 5 


zTIP(l-39) 


0.31 ± 0.07 


138 ±5 


7.8 ± 2.0 


41.4 ± 1.9 


1.3 ± 0.3 


184 ± 7 


P 


0.068 


0.80 


0.15 


0.006° 


0.03° 


0.04° 



Accumulation of cAMP in response to human TIP(l-39) or zebrafish TIP(l-39) using COS-7 cells transiently expressing either hPTH2R, 
zPTH2R, or the zebrafish PTH2R splice varient 43-9 (zPTH2R SV). cAMP accumulation assays were performed as described in Materials and 
Methods. EC 50 and E max values represent the mean ± sd of at least three independent transfections. A pairwise Student's t test was performed 
between zTIP(l-39) and hTIP(l-39) at each receptor to determine the P values. 

° Significant differences at P < 0.05 (60). 



ZTIP39 



zTIP39/shh 



Fig. 7. Colocalization of zebrafish shh and zTIP39 as- 
sessed by whole-mount in situ hybridization double label- 
ing. Whole-mount in situ hybridization of zebrafish em- 
bryos at 48 hpf using antisense cRNA encoding zTIP39 {left 
top and bottom, blunt arrow) and zshh {right top and bot- 
tom) with CNS locations indicated. The mRNA encoding 
zebrafish shh was expressed in the midbrain (mb), fore- 
brain (fb), and hypothalamus midline, and the mRNA en- 
coding zTIP39 in two lateral spots rostral and dorsal to the 
hypothalamus corresponding to a mb-fb border. Top two 
panels of lateral view, Rostral to the left, caudal to the right, 
dorsal above, and ventral below. Lower two panels of dorsal 
view, Rostral left and caudal right, fp, Floorplate; hy, hy- 
pothalamus; olf, olfactory pit; pern, posterior ectodermal 
membrane; pha, pharyngeal arch. All scale bars, 100 jim. 




ateral 



dorsal 



100 urn- 



length zTIP39 (157 amino acid residues) (Fig. 5B). Thus, in 
Fig. 5B, fTIP39 is presented 34 amino acid residues to the 
right. The hydrophobicity plots for the available sequence 
indicated no hydrophobic leader sequence for fTIP39 / which 
is comparable with that of mouse TIP(l-39) and zTIP39 SV. 
The remainder of the TIP(l-39) sequences showed nearly 
identical plots. In contrast to the other peptides, the full- 
length zTIP39 shows an initial hydrophobic leader sequence. 

In vitro functional analysis ofzTIP39 with the 
cognate zPTH2R 

To compare the efficacy of zTIP39 with that of hTIP39, 
cAMP accumulation studies were performed on COS-7 cells 
transiently expressing the hPTH2R, zPTH2R, or zPTH2R SV 
#43-9 (Fig. 6, A-C, and Table 2). Synthetic hTIP(l-39) and 
zTIP(l-39) showed higher potencies with COS-7 cells tran- 
siently expressing the hPTH2R [EC 50 : 0.11 ± 0.04 nM hTIP(l- 
39) and 0.31 ± 0.07 nM zTIP(l-39)] than with cells expressing 
the zPTH2R [EC 50 : 4.2 ± 0.3 nM hTIP(l-39) and 7.8 ± 2.0 nM 
zTIP(l-39)]. However, cells expressing the zPTH2R SV were 
significantly better activated by zTIP(l-39) (EC 50 : 1.3 ± 0.3 



nM) than by hTIP(l-39) (EC 50 : 3.8 ± 0.7 n M ) (Fig. 6, A, B, and 
C, respectively, and Table 2). Although zTIP(l-39) and 
hTIP(l-39) showed similar efficacy in stimulating the 
hPTH2R (Fig. 6A and Table 2), zTIP(l-39) showed an ap- 
proximate 3-fold enhanced potency in stimulating the 
zPTH2R SV, and a slightly enhanced efficacy (23 and 16%) 
in stimulating the zPTH2R and zPTH2R SV, respectively 
(Fig. 6, B and C and Table 2). The in vitro cAMP stimulation 
results thus suggested that, in addition to the significant 
structural conservation observed in the secreted TIP(l-39) 
(Fig. 3), there has been functional conservation of the ligand 
in vertebrates, at least when tested in vitro using a mamma- 
lian expression system. 

Expression analysis ofzTIP39 and zPTH2R in 
zebrafish embryos 

Following established zebrafish protocols for whole- 
mount in situ hybridization using DIG-labeled RNA probes 
(23, 34), 24 and 48 hpf zebrafish embryos were used to assess 
TIP39 expression during development. At 24 hpf, zTIP39 was 
expressed at low levels generally in the central nervous sys- 



Downloaded from endo.endojournals.org on July 17, 2005 



Papasani et al. • Zebrafish and Fugu TIP39 



Endocrinology, November 2004, 145(11):5294^5304 5301 



tern (CNS), but by 48 hpf zTIP39 was expressed at high levels 
in tissues surrounding the hypothalamus (Fig. 7) as well as 
the developing heart (Fig. 8). To more specifically visualize 
structures in the central nervous system (Fig. 7), we per- 
formed double in situ hybridization experiments with the shh 
gene, which encodes a developmental signaling molecule 
and is expressed in the hypothalamus (35, 36). Whereas shh 
was expressed in the midline, which is consistent with its 
expression in the mammalian and fish hypothalamus, zTIP39 
expression was detected in two lateral spots rostral and dor- 
sal to the hypothalamus at a midbrain-forebrain border. Al- 
though our whole-mount in situ hybridization results indi- 



lateral view 



ventral view 




48 h 

Fig. 8. Expression of mRNA encoding zTIP39 in developing cardiac 
tissues assessed by whole-mount in situ hybridization. Whole-mount 
in situ hybridization of zebrafish embryos at 48 hpf using antisense 
cRNA encoding zTIP39 as a probe; TIP39 mRNA expression was 
observed throughout the developing cardiac tissue. 



Fig. 9. Distribution of mRNA encod- 
ing zPTH2R in neuronal tissue as- 
sessed by whole-mount in situ hybridiza- 
tion. Whole-mount in situ hybridization 
of zebrafish embryos at 48 (A) and 72 hpf 
(B) using an antisense cRNA probe en- 
coding zPTH2R (#43-9). PTH2R expres- 
sion was observed throughout the devel- 
oping zebrafish brain at 48 and 72 hpf . 



cated that zebrafish express high levels of TEP39 mRNA 
during cardiac development (Fig. 8), previous studies indi- 
cated TIP39 to be expressed at low levels in the murine heart 
(5, 6). 

The zPTH2R (#43-9) showed intense transcript expression 
by whole-mount in situ hybridization in the developing ze- 
brafish CNS at 48 and 72 hpf (Fig. 9, A and B) as well as low 
level expression in the vascular tissue. These data are similar 
to those in mammals (13, 37, 38). 

Phylogenetic relationships of teleost and tetrapod TIP39, 
PTH, and PTHrP 

Full-length prepro amino acid sequences of PTH, PTHrP, 
and TIP39 were aligned and analyzed by distance methods 
(39) using human GIP as the outgroup as previously de- 
scribed (5). In addition, several secretin species were in- 
cluded in the analyses to determine and evaluate the rela- 
tionships among TIP39, PTH, and PTHrP. Although the 
terminal branches showed minor variations (Fig. 10), de- 
pending on whether heuristic or Neighbor-Joining distance 
analyses were performed, all trees showed the same topol- 
ogy of groups, i.e. distinct clades for PTH, PTHrP, TIP39, and 
secretin. The current theory indicates that nodes showing 
bootstrap/jackknife (BS/JK) values above 95% are to be con- 
sidered strongly supportive (40, 41). Thus, the BS/JK values 
supported the distinctiveness of a PTH-PTHrP clade (with 
PTH and PTHrP being sister groups), a TIP39 clade that is 
basal to the PTH-PTHrP clade, and a secretin clade. 

Discussion 

zTIP(l-39) and hTIP(l-39) are similarly efficacious and 
potent at the hPTH2R, zPTH2R, and zPTH2R SV (see Fig. 6). 
As such, a comparison of their amino acid sequences, as well 
as those of fugu and murine TIP39, may provide insights in 
identifying critical regions for receptor binding and activa- 
tion. The TIP39 peptides are distantly related to PTH and 
PTHrP. Alignment of TIP39, with PTH and PTHrP, indicates 
the presence of two additional amino acids in the amino- 
terminal portion. Because PTH is a potent agonist, at least at 
the human PTH2R (42), it would have been surprising if these 
residues were critical for receptor activation. Whereas hu- 
man and mouse TIP39 have identical residues at these first 
two positions, zebrafish and pufferfish have nonconserva- 
tive substitutions. 
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Fig. 10. Phylogentic analysis indicating the evolutionary relationship among full-length prepro sequences of the TIP39, PTH, PTHrP, and 
secretin families of peptides. The phylogenetic tree is rooted with human GIP (5). The BS/JK values from 10,000 replicates indicate support 
of a given node in which 95% is considered to be significant (5, 40, 41). Using distance as the criteria, heuristic and Neighbor-joining phylogenetic 
analyses were performed. The overall topology of the trees were retained, although there were subtle variations in the terminal branches and 
minor variations in the tree statistics of the heuristic BS/JK phylogenetic analyses (tree length, 1099, consistency index, 0.850, and 166 
parsimony-informative characters) and Neighbor-joining BS/JK phylogenetic analyses (tree length, 1101, consistency index, 0.848, and 166 
parsimony-informative characters). All accession numbers used for the phylogenetic analysis have been previously listed (5), except for zTIP39 
(AY306196), zTIP39 splice variant (AY307076), fTIP39, zPTHl (AY275669), zPTH2 (AY275670), fPTHl (59), fPTH2 (AY302221), and catfish 
PTH2 (BQ096842). 
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Structure-activity studies with PTH and PTHrP-based 
peptides have suggested that ligand residue 5 is critical for 
activation of the hPTH2R and that residue 23 is critical for 
binding to this receptor (8, 43). The TIP39 peptides from all 
four species do show conservation at these residues; how- 
ever, as has been previously noted, the amino acid residue 
at position 7 in TIP39 (Asp) is different from that of PTH (lie). 
Cross-linking studies with PTH-based peptides suggested 
that interactions in the activation domain occur at similar 
locations for hPTHIR and hPTH2R (44). Our own studies in 
the binding region of PTHrP suggest there are differences in 
the interaction site between PTHrP(l-36) analogs and the 
hPTH2R (45). The residues in the binding region of PTH and 
PTHrP, which were previously identified as intolerant to 
substitution (i.e. residues 23, 24, 28, and 31) (Ref. 46) are 
conserved between mammalian PTH and all of the currently 
isolated TIP39 ligands, suggesting that a similar mechanism 
of interaction occurs between these two peptides and the 
PTH1R. Indeed, chimeras between TIP39 and PTH indicate 
that hTIP39 binds to hPTHIR but does not activate this 
receptor, thus making it a potent antagonist (20). Further- 
more, the arginine at residue 20, present in PTH and PTHrP 
in all known species, is also found in TIP39. Residues in 
positions 11 and 12, an important region for antagonist (47) 
and inverse agonist activity (48), are not conserved between 
TIP39 and PTH nor are they conserved in TIP39 across the 
species isolate thus far. 

Overall, however, some critical regions for binding in PTH 
and PTHrP appear to be partially conserved in TEP39, whereas 
the activation domain showed less conservation between HP39 
and PTH. Furthermore, the results suggested that, even though 
the secreted forms of TIP39 appear to be highly conserved (Fig. 
4), zebrafish PTH2Rs are capable of discriminating between 
teleost (zebrafish) and a tetrapod (human) TTP(l-39) ligands 
when tested in a mammalian COS-7 expression system. Be- 
cause it is known that teleosts express two PTH-like peptides 
(27) and three receptors (9, 21), it appears that the teleost PTH- 
and TIP39-systems are more complex. This may be due to the 
evolutionary adaptability of teleosts in divergent environments 
when compared with mammals. Thus, to assess the physio- 
logical implications of HP39 in teleosts and avoid potential 
confounding results, in vivo experiments may require species- 
specific (i.e. homologous) ligands. 

Expression of zTfi°39 mRNA was detected in a region that 
evolutionarily corresponds to the dorsal hypothalamic region 
(Fig. 7) (49, 50). Our whole-mount in situ hybridization results 
therefore suggested that teleost TIP39 may have similar roles as 
a neuropeptide as was postulated for mammals (5, 12, 17, 49, 
51). The early expression of the z1TP39-PTH2R mRNA by 
whole-mount in situ hybridization suggested that the teleost 
system may have multiple roles in the developing brain (52, 53) 
and heart (54-56). Although it is unlikely that there is a direct 
developmental association between TIP39 and shh, by shh or- 
ganizing the whole brain, of which TTP39 expressing cells are 
a part, it is conceivable that shh could influence where the TIP39 
expressing cells will be localized (35, 49, 50, 57, 58). 

The phylogenetic analysis indicated that TIP39 appears to be 
basal to PTH and PTHrP, thus indicating that TIP39 may be 
ancestral to PTH and PTHrP (Fig. 10). However, to confirm this 
statement, PTH-like sequences must be obtained from addi- 
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tional basal species. In addition, the PTHrP sequences showed 
a higher percentage of supportive BS/JK values when com- 
pared with PTH or TTP39 sequences. This would indicate that 
the PTHrP sequences retained many more invariant (i.e. con- 
served) residues that are necessary for function than PTH or 
TTP39, which showed much more sequence variation and thus 
the lower BS/JK values. This hypothesis is consistent with the 
recent finding of pairs of PTH expressed in zebrafish and fugu, 
which showed considerable divergence (27). 

In summary, we have characterized the genes encoding 
zTIP39 and fTIP39 and isolated cDNAs comprising 157 and 
136 amino acid residues encoding the full-length zTIP39 and 
a zTIP39 splice variant, respectively. Because the putative 
splice variant lacks a hydrophobic leader sequence, it is un- 
likely to be secreted. The zTIP(l-39) ligand activated the 
zPTH2R SV (#43-9) and zPTH2R expressed in COS-7 cells 
slightly better than the hPTH2R. However, it is presently 
unclear whether there is an associated in vivo conservation of 
physiological function(s). Phylogenetic analysis suggested 
that the TIP39 ciade is basal to PTH and PTHrP, thus sug- 
gesting that TIP39 is ancestral to PTH and PTHrP. Finally, 
whole-mount in situ hybridization studies using probes en- 
coding the zPTH2R and zTIP39 suggested that there are 
strong parallels in the neuroendocrine and cardiovascular 
expression of this system for mammals and fishes. Thus, 
zebrafish could make an excellent model to further investi- 
gate developmental roles of the TIP39-PTH2R system. 

Acknowledgments 

We thank Ashok Khatri for the synthesis of TIP39 peptides and Ben 
Marquardt, Justin Shoemaker, and Drs. Tak Cheung and John Sedbrook 
for assistance in the preparation of this manuscript. 

Received February 9, 2004. Accepted July 29, 2004. 

Address all correspondence and requests for reprints to: David A. 
Rubin, Department of Biological Sciences, Illinois State University, Nor- 
mal, Illinois 61790. E-mail: adavid@ilstu.edu. 

This work was supported by National Institutes of Health Grants 
DK11794 (to H.J.), RO1RR10715 and P01HD22486 (to J.H.P.), and 
DK60513 (to D.A.R.) and a grant from Illinois State University (to 
D.A.R.). This work was covered by Institutional Animal Care and Use 
Committee protocols 14-2002 (to D.A.R.) and 03-07A (to J.H.P.). 

References 

1. Jiippner H, Kronenberg H 2003 Parathyroid hormone. In: Favus M, ed. Primer 
on the metabolic bone diseases and disorders of mineral metabolism. Wash- 
ington, DC: American Society of Bone Mineral Research; 117-124 

2. Strewler G, Nissenson R 2003 Parathyroid hormone-related protein. In: Favus 
M, ed. Primer on the metabolic bone diseases and disorders of mineral me- 
tabolism. Washington, DC: American Society of Bone Mineral Research; 
125-129 

3. Kronenberg H 2003 Developmental regulation of the growth plate. Nature 
423:332-336 

4. Usdin T, Hoare S, Wang T, Mezey E, Kowalak J 1999 TIP39: a new neuropeptide 
and PTH2-receptor agonist from hypothalamus. Nat Neurosci 2:941-943 

5. John M, Arai M, Rubin D, Jonsson K, Jiippner H 2002 Identification and 
characterization of the murine and human gene encoding the tuberoinfun- 
dibular peptide of 39 residues (TIP39). Endocrinology 143:1047-1057 

6. Hansen I, Jakob O, Wortmann S, Arzberger T, Allolio B, Blind E 2002 
Characterization of the human and mouse genes encoding the tuberoinfun- 
dibular peptide of 39 residues, a ligand of the parathyroid hormone receptor 
family. J Endocrinol 174:95-102 

7. Usdin TB, Cruber C, Bonner TI 1995 Identification and functional expression 
of a receptor selectively recognizing parathyroid hormone, the PTH2 receptor. 
J Biol Chem 270:15455-15458 

8. Cardella T, Luck M, Jensen G, Usdin T, Jiippner H 1996 Converting para- 
thyroid hormone-related peptide (PTHrP) into a potent PTH-2 receptor ago- 
nist. J Biol Chem 271:19888-19893 



Downloaded from endo.endojournals.org on July 17, 2005 



5304 Endocrinology, November 2004, 145(ll):5294-5304 



Papasani et al. • Zebrafish and Fugu TIP39 



9. Rubin DA, Hellman P, Zon LI, Lobb CJ, Bergwitz C, Jiippner H 1999 A G 
protein-coupled receptor from zebrafish is activated by human parathyroid 
hormone and not by human or teleost parathyroid hormone-related peptide: 
implications for the evolutionary conservation of calcium-regulating peptide 
hormones. J Biol Chem 274:23035-23042 

10. Hoare SRJ, Rubin DA, Jiippner H, Usdin TB 2000 Evaluating the ligand 
specificity of zebrafish parathyroid hormone (PTH) receptors: comparison of 
PTH, PTH-related protein, and tuberoinfundibular peptide of 39 residues. 
Endocrinology 141:3080-3086 

11. Hoare SRJ, Usdin TB 2000 Tuberoinfundibular peptide (7-39) [TIP(7-39)], a 
novel, selective, high-affinity antagonist for the parathyroid hormone-1 re- 
ceptor with no detectable agonist activity. J Pharmacol Exp Ther 295:761-770 

12. Ward H, Small C, Murphy K, Kennedy A, Ghatei M, Bloom S 2001 The 
actions of tuberoinfundibular peptide on the hypothalamo-pituitary axes. En- 
docrinology 142:3451-3456 

13. Eichinger A, Fiaschi-Taesch N, Massfelder T, Fritsch S, Barthelmebs M, 
Heiwig J-J 2002 Transcript expression of the tuberoinfundibular peptide 
(TIP)39/PTH2 receptor system and Non-PTHl receptor-mediated tonic effects 
of TIP39 and other PTH2 receptor ligands in renal vessels. Endocrinology 
143:3036-3043 

14. Sugimura Y, Murase T, Ishizaki S, Tachikawa K, Arima H, Miura Y, Usdin 
T, Oiso Y 2003 Centrally administered tuberoinfundibular peptide of 39 res- 
idues inhibits arginine vasopressin release in conscious rats. Endocrinology 
144:2791-2796 

15. Wang T, Edwards G, Lange G, Parlow A, Usdin T 2002 Brain administration 
of tuberoinfundibular peptide of 39 residues inhibits growth hormone secre- 
tion. In: Recent research developments in endocrinology. Vol 3. Kerala, India: 
Transworld Research Network; 317-321 

16. Penna KD, Kinose F, Sun H, Koblan K, Wang H 2003 Tuberoinfundibular 
peptide of 39 residues (TIP39): molecular structure and activity for parathyroid 
hormone 2 receptor. Neuropharmacology 44:141-153 

17. Usdin T, Dobolyi A, Ueda H, Palkovits M 2003 Emerging functions for 
tuberoinfundibular peptide of 39 residues. Trends Endocrinol Metab 14:14-19 

18. LaBuda C, Dobolyi A, Usdin T 2004 Tuberoinfundibular peptide of 39 res- 
idues produces anxiolytic and antidepressant actions. Neuroreport 15:881-885 

19. Ross G, Schlueter K 2003 Tuberoinfundibular peptide (TIP39): a new neuro- 
transmitter of the heart with a negative inotropic effect? In: German Physio- 
logical Society Congress Abstracts. Vol 2003. Available at: http://www.dpg- 
congress.de/abstracts/2003/11229.pdf (Abstract 11229) 

20. Jonsson K, John M, Gensure R, Gardella T, Jiippner H 2001 Tuberoinfun- 
dibular peptide 39 binds to the parathyroid hormone (PTH) /PTH-related 
peptide receptor, but functions as an antagonist. Endocrinology 142:704-709 

21. Rubin DA, Jiippner H 1999 Zebrafish express the common PTH/PTHrP 
receptor (PTH1R) and a novel receptor (PTH3R) that is preferentially activated 
by mammalian and fugufish parathyroid hormone-related peptide (PTHrP). 
J Biol Chem 274:28185-28190 

22. Bergwitz C, Jusseaume SA, Luck MD, Jiippner H, Gardella TJ 1997 Residues 
in the membrane-spanning and extracellular regions of the parathyroid hor- 
mone (PTH)-2 receptor determine signaling selectivity for PTH and PTH- 
related peptide. J Biol Chem 272:28861-28868 

23. Yan Y-L, Miller C, Nissen R, Singer A, Liu D, Kirn A, Draper B, Willoughby 
J, Morcos P, Amsterdam A, Chung B-C, Westerfield M, Haffter P, Hopkins 
N, Kimmel C, Postlethwait J 2002 A zebrafish sox9 gene required for cartilage 
morphogenesis. Development 129:5065-5079 

24. Jowett T 1999 Analysis of protein and gene expression. In: Detrich IHW, 
Westerfield M, Zon LI, eds. The zebrafish: biology. Vol 59. New York: Aca- 
demic Press; 63-85 

25. Nusslein-Volhard C, Dahm R 2002 Zebrafish: a practical approach. Oxford, 
UK: Oxford University Press 

26. Westerfield M 2000 The zebrafish book: a guide for the laboratory use of 
zebrafish {Danio rerio). Eugene, OR: University of Oregon Press 

27. Gensure R, Ponugoti B, Gunes Y, Papasani M, Lanske B, Bastepe M, Rubin 
D, Jiippner H 2004 Identification and characterization of two parathyroid 
hormone-like molecules in zebrafish. Endocrinology 145:1634-1639 

28. Lassmann T, Sonnhammer E 2002 Minireview: quality assessment of multiple 
alignment programs. FEBS Lett 529:126-130 

29. Morgenstern B 1999 Dialign 2: improvement of the segment-to-segment ap- 
proach to multiple sequence alignment. Bioinformatics 15:211-218 

30. Notredame C, Higgins D, Heringa J 2000 T-Coffee: a novel method for fast and 
accurate multiple sequence alignment. J Mol Biol 302:205-217 

31. Maddison D, Maddison W 2000 MacClade 4.0. Analysis of phylogeny and 
character evolution. Sunderland, MA: Sinauer Associates 

32. Dores R, Rubin D, Quinn T 1996 Is it possible to construct phylogenetic trees 
using polypeptide hormone sequences? Gen Comp Endocrinol 103:1-12 

33. Swofford D 2000 PAUP*: phylogenetic analysis using parsimony (*and other 
methods). Sunderland, MA: Sinauer Associates 

34. Jowett T, Yan Y 1996 Double fluorescent in situ hybridization to zebrafish 
embryos. Trends Genet 12:387-389 



35. Herzog W, Zeng Z, Lele Z, Sonntag C, Ting J-W, Chang C-Y, Hammerschmidt 
M 2003 Adenohypophysis formation in the zebrafish and its dependence on 
Sonic hedgehog. Dev Biol 254:36-49 

36. Varga Z, Amores A, Lewis K, Yan Y, Postlethwait J, Eisen J, Westerfield M 
2001 Zebrafish smoothened functions in ventral neural tube specification and 
axon tract formation. Development 128:3497-3509 

37. Usdin TB, Hilton J, Vertesi T, Harta G, Segre G, Mezey E 1999 Distribution 
of the parathyroid hormone 2 receptor in rat: immunolocalization reveals 
expression by several endocrine cells. Endocrinology 140:3363-3371 

38. Wang T, Palkovits M, Rusnak M, Mezey E, Usdin TB 2000 Distribution of 
parathyroid hormone-2 receptor-like immunoreactiviry and messenger RNA 
in the rat nervous system. Neuroscience 100:629-649 

39. Swofford D, Olsen G, Waddell P, Hillis D 1996 Phylogenetic inference. In: 
Molecular systematics. Hillis D, Moritz C, Mable B, eds. Sunderland, MA: 
Sinauer Associates Inc.; 407-514 

40. Page RDM, Holmes EC 1998 Molecular evolution: a phylogenetic approach. 
Oxford, UK: Blackwell Science Ltd. 

41. Felsenstein J, Kishino H 1993 Is there something wrong with the bootstrap on 
phylogenies? A reply to Hillis and Bull. Syst Biol 42:193-200 

42. Hoare SJ, Bonner T, Usdin T 1999 Comparison of rat and human parathyroid 
hormone 2 (PTH2) receptor activation: PTH is a low potency partial agonist 
at the rat PTH2 receptor. Endocrinology 140:4419-4425 

43. Behar V, Nakamoto C, Greenberg Z, Bisello A, Suva L, Rosenblatt M, Chorev 
M 1996 Histidine at position 5 is the specificity "switch" between two para- 
thyroid hormone receptor subtypes. Endocrinology 137:4217-4224 

44. Behar V, Bisello A, Rosenblatt M, Chorev M 1999 Direct identification of two 
contact sites for parathyroid hormone (PTH) in the novel FTH-2 receptor using 
photoaffinity cross-linking. Endocrinology 140:4251-4261 

45. Gensure R, Jiippner H, PTHrP binds to different regions in human PTH/ 
PTHrP receptor and PTH-2 receptor based on photoaffinity cross-linking. Proc 
Joint Meeting of the Pediatric Academic Societies and American Academy of 
Pediatrics, Boston, MA, 2000 (Abstract 752571) 

46. Gardella T, Wilson A, Keutmann H, Oberstein R, Potts JT, Kronenberg H, 
Nussbaum S 1993 Analysis of parathyroid hormone's principal receptor- 
binding region by site directed mutagenesis and analog design. Endocrinology 
132:2024-2030 

47. Goldman M, McKee R, Caulfield M, Reagan J, Levy J, Gay C, DeHaven P, 
Rosenblatt M, Chorev M 1988 A new highly potent parathyroid hormone 
antagonist: [D-Trp 12 ,Tyr M ]bPTH-(7-34)NH 2 . Endocrinology 123:2597-2599 

48. Carter P, Petroni B, Gensure R, Schipani E, Potts JT , Gardella T 2001 Selective 
and nonselective inverse agonists for constitutiveiy active type-1 parathyroid 
hormone receptors: evidence for altered receptor conformation. Endocrinology 
142:1534-1545 

49. Dobolyi A, Palkovits M, Usdin T 2003 Expression and distribution of tu- 
beroinfundibular peptide of 39 residues in the rat central nervous system. 
J Comp Neurol 455:547-566 

50. Dobolyi A, Palkovits M, Bodnar I, Usdin T 2003 Neurons containing tu- 
beroinfundibular peptide of 39 residues project to limbic, endocrine, auditory 
and spinal areas in rat. Neuroscience 122:1093-1105 

51. Dobolyi A, Ueda H, Uchida H, Palkovits M, Usdin T 2002 Anatomical and 
physiological evidence for the involvement of tuberoinfundibular peptide of 
39 residues in nociception. Proc Natl Acad Sci USA 99:1651-1656 

52. Blind E, Wortmann S, Hansen I, Meyer S, Neuner C, Winkler C 2003 Tu- 
beroinfundibular peptide of 39 residues (TIP39), a ligand of the PTH receptor 
family may be involved in early brain development in zebrafish. J Bone Miner 
Res 18:S100-S101 

53. Wortmann S, Hansen I, Meyer S, Neuner C, Winkler C, Ailolio B, Blind E 
2003 The tuberoinfundibular peptide of 39 residues, a natural ligand of the 
PTH receptor family, affects early brain development in zebrafish. In: Thieme 
G, Verlag KG. Exp Clin Endocrinol Diabetes. Available at: www.thieme.de/ 
eced/abstracts2003/daten/106.html 

54. Yelon D 2001 Cardiac patterning and morphogenesis in zebrafish. Dev Dyn 
222:552-563 

55. Yelon D, Weinstein B, Fishman M 2002 Aspects of organogenesis: cardio- 
vascular system. In: Solnica-Krezel L, ed. Pattern formation in zebrafish. Vol 
40. Berlin: Springer-Verlag; 298-321 

56. Glickman N, Yelon D 2002 Cardiac development in zebrafish: coordination 
of form and function. Cell Dev Biol 13:507-513 

57. Ungos J, Karlstrom R, Raible D 2003 Hedgehog signaling is directly required 
for the development of zebrafish dorsal root ganglia neurons. Development 
130:5351-5362 

58. Sbrogna J, Barresi M, Karlstrom R 2003 Multiple roles for hedgehog signaling 
in zebrafish pituitary development. Dev Biol 254:19-35 

59. Danks J, Ho P, Notini A, Katsis F, Hoffmann P, Kemp B, Martin T, Zajac J 
2003 Identification of a parathyroid hormone in the fish, Fugu rubripes. J Bone 
Miner Res 18:1326-1331 

60. Sokal R, Rohlf F 1981 Biometry: the principles and practice of statistics in 
biological research. San Francisco: W. H. Freeman and Co. 



Endocrinology is published monthly by The Endocrine Society (http://www.endo-society,org), the foremost professional society serving the 

endocrine community. 



Downloaded from endo.endojournals.org on July 17, 2005 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

^ivBLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 

□ FADED TEXT OR DRAWING 

QnBLURRED or illegible text or drawing 

KEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 




